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1 Outline of the thesis 
Polymer brushes can be used to tailor the physical and chemical properties of materials 
on demand to meet potential applications. Therefore, fabrication of polymer brushes 
with well-defined structure and functional groups enables the engineering of new 
materials with diverse functions. In addition, two-dimensional (2D) materials have their 
unique physical/chemical properties and potential applications in (opt)electronics, 
catalysis, energy storage, sensing, and other related fields. However, the dispersibility, 
chemical stability, charge transport behavior, mechanical properties of the 2D materials 
hinder their further applications. Therefore, combining polymer brushes and 2D 
materials may bring in new properties which are not available by either of them alone. 
This thesis focuses on brushing up 2D materials (from inorganic to organic) with 
universal photografting techniques.  
(1) The first chapter introduces the outline and research content of the thesis. 
(2) The second chapter describes the background of 2D materials and polymer brushes. 
In particular, this chapter analyzes mechanisms, drawbacks and benefits of different 
polymerization methods, and also summarizes the general approaches to grow polymer 
brushes on 2D material surfaces, coupling with potential applications of polymer 
functionalized 2D materials. 
(3) The third chapter shows the motivation and aim of this thesis. 
(4) The fourth chapter discusses the results of the functionalization of hexagonal boron 
nitride (hBN), MoS2, graphitic-carbon nitride (gCN), alkyl-polydopamine (alkyl-PDA), 
and conjugated 2D polymers (2DPs) with polymer brushes by the same self-initiated 
photografting and photopolymerization (SIPGP) method and their related applications 
in detail, respectively. First, the direct photopolymerization of vinyl monomers results 
in the formation of thick and homogeneous polymer brushes covalently bounded to 
hBN. The brush layer mechanically and chemically stabilizes the material and allows 
facile handling as well as long-term use in water splitting hydrogen evolution reactions. 
Second, the chapter demonstrates the MoS2 can be directly modified with polymer 
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brushes by SIPGP. After modifying MoS2 with polymer brushes, the dispersibility of 
polymer brushes-modified MoS2 was obviously improved. Third, the polymer brushes 
functionalized gCN significantly improves the dispersibility. Application of polymer 
brush functionalized gCN as excellent recyclable substrates for an outstanding SERS 
as well as photocatalytic degradation of dyes is demonstrated. Fourth, to directly obtain 
the 2D materials with functional groups, the chapter proposes a facile method to prepare 
amphiphilic polymeric Janus nanosheets with hydrophilic PDA and hydrophobic alkyl 
chains at both sides. Benefiting from the Janus property of the alkyl-PDA nanosheets, 
the nanosheets can be grafted polymer brushes through photografting and be conjugated 
Fe3O4 nanoparticles selectively onto the PDA side. Finally, the chapter shows that 
various polymer brushes can be directly grafted onto 2DPs and freestanding system is 
also obtained. Moreover, it is found that the morphology of freestanding system quickly 
and reversibly responds to solvent quality by shrinking/stretching. 
(5) The fifth chapter addresses the general conclusion and future prospective of the 
whole work. 
(6) The sixth chapter describes the experiment part of the whole thesis. 
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2 Background 
2.1 Two-dimensional (2D) materials 
2.1.1 Structure of 2D materials 
2D materials are crystalline materials consisting of a single layer of atoms and can 
generally be categorized as either 2D allotropes of various elements or compounds 
(consisting of two or more covalently bonded elements).[1, 2] In 2004, while the first 
successful synthesis of graphene opened the field of 2D materials,[3] a variety of 2D 
materials have been discovered (Figure 2-1), and a large number of layered materials 
were successfully exfoliated as 2D materials, such as molybdenum disulfide (MoS2),
[4] 
molybdenum diselenide (MoSe2),
[4] tungsten disulfide (WS2),
[5] tungsten diselenide 
(WSe2),
[6] graphitic carbon nitride (2D g-C3N4),
[7] hexagonal boron nitride (hBN),[8] 
silicene (2D silicon),[9] germanene (2D germanium),[10] black phosphorous,[11] and 
MXenes (2D carbides/nitrides).[12] 
 
Figure 2-1. Simplified periodic table highlighting the elements, which form the most 
common layered and 2D materials.[13] 
 
Different materials have different structures, and Figure 2-2 showed a part of structures 
of 2D materials. For example, there are three atoms thick and an X-M-X sandwich 
structure in monolayer transition metal dichalcogenides (TMDs), which is consisted by 
trigonal prismatic or octahedral coordination of the metal atom (Figure 2-2 a-d); hBN 
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and graphene are both covalently bound in hexagonal lattice and has the same plane 
structure (Figure 2-2f); phosphorene is a corrugated (or buckled) structure, and the 
atoms are distributed across more than one plane (Figure 2-2h). 
 
Figure 2-2. The structural models of 2D materials: (a) MoS2,
[14] (b) MoSe2,
[15] (c) 
WS2,
[16] (d) WSe2,
[17] (e) g-C3N4,
[18] (f) hBN,[19] (g) germanene, and (h) black 
phosphorus.[20] 
 
2.1.2 Synthetic methods of 2D materials 
There are several synthetic approaches for the preparation of 2D materials. The 
commonly applied techniques include mechanical cleavage,[21, 22] solution-based 
exfoliation,[23, 24] chemical vapor deposition (CVD),[25, 26] laser ablation,[27] and 
hydrothermal synthesis.[28] This part will not be introduced in detail because the 
following works do not focused on the synthesis of 2D materials. 
2.1.3 Characterization of 2D materials 
It is important to demonstrate the successful synthesis of 2D materials not only for their 
application but also for providing meaningful information on their structure in a certain 
state. At present, numerous methods have been developed to identify and characterize 
2D materials. The 2D materials were subjected to the following characterization. 
Optical microscopy is one of the most popular methods for rapid identification and 
visualization of 2D materials. For example, monolayer flakes of sufficient lateral 
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dimensions (>1-2 μm) on suitable substrates are easily detectable using a standard 
optical microscopy (Figure 2-3a).[29] Atomic force microscopy (AFM) is a powerful 
technique to characterize the thickness and size of the 2D materials,[30, 31] and can 
determine the number of layers of 2D materials, especially for few-layer and thicker 
crystals (Figure 2-3b).[29] 
 
Figure 2-3. (a) Optical micrograph of thin MoS2 films deposited on the SiO2/Si 
substrate. (b) AFM height image indicated by dotted lines in (a).[29] 
 
Electron microscopy is routinely used for 2D materials’ characterization (Figure 2-4). 
Scanning electron microscopy (SEM) can obtain the surface morphology and structure 
of 2D materials (Figure 2-4a).[32] Transmission electron microscopy (TEM) can 
provide detailed information on the nature of crystallinity, layer sizes, interlayer 
stacking relationships, and elemental composition (Figure 2-4b).[23, 33, 34] Scanning 
transmission electron microscopy (STEM) can be used to visualize individual atoms in 
an isolated layer by means of a high-angle annular dark-field detector coupled with 
electron energy loss spectroscopy.[35] Scanning tunneling microscopy (STM) is a probe-
based technique that measure the electronic and topographic structure of single-atom-
thick materials and can manipulate single atoms at specific points in order to build and 
characterize nanostructures that are well isolated from the substrate.[36, 37] Besides these, 
composition and defects are characterized by x-ray photoelectron spectroscopy and 
elemental mapping (Figure 2-4c).[27] 
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Figure 2-4. SEM image (a), TEM image (b), and TEM-EDS elemental mapping images 
(c) of exfoliated graphene-MoS2.
[32] 
 
Other characterization techniques used for the determination of 2D materials. For 
example, fluorescence quenching microscopy (FQM) to locate single layers of 2D 
materials on a substrate by monitoring the reduction in fluorescence intensity of a thin 
fluorophore layer that was spun-coat on top.[38, 39] X-ray diffraction (XRD) includes 
both small-angle X-ray scattering (SAXS) and wide-angle XRD. SAXS provides 
information about layer spaces since these peaks occur at lower angles. Wide-angle 
XRD gives an information on the unit cell structure and constituents, the layer thickness, 
lateral dimensions, and the arrangement of restacked nanosheets.[33, 36] Raman 
spectroscopy is a useful method for finger-printing a material and layer dependent 
changes of the vibrational structure. It can also detect vibrational modes that are active 
due to symmetry breaking in single-layer films and enhanced vibrations of out-of-plane 
modes of suspended single layers.[40, 41] X-ray photoelectron spectroscopy (XPS), is 
also useful for the determination of the chemical composition and doping of the 2D 
materials.[32, 42] 
2.1.4 Properties and applications 
The properties of 2D materials can be modulated by the chemical structure and surface 
area. For example, different layered MoS2 shows different optical and electronic 
properties (Figure 2-5), the monolayer MoS2 emits light strongly and exhibits an 
increase in luminescence quantum efficiency compared with the bulk materials.[43] 
Additionally, 2D materials also play an mechanical role because they are inherently 
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flexible, strong, and extremely thin. These extraordinary properties that make it a 
suitable material for a wide range of technological applications. 
 
Figure 2-5. Optical (a) and photoluminescence images (b) of MoS2 flake on SiO2 
substrate with etched holes. The photoluminescence emission is enhanced in suspended 
regions over holes and in monolayer MoS2, but is not detected in the multilayer 
region.[43] 
 
During the applications, 2D materials exhibit their unique and potentially useful 
properties including high electron mobilities, topologically protected states, tunable 
band structures, and high thermal conductivities. Figure 2-6 shows the device 
applications of 2D materials due to their unique physical, chemical, and optoelectronic 
properties.[44-49] To improve current device technology, developing novel transport and 
topological properties of 2D materials might provide much more opportunities for 
spintronic devices and quantum computing.[50] Even multilayer assemblies of 2D 
materials also have a broad base of potential applications, such as batteries, 
supercapacitors. 
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Figure 2-6. The applications of 2D materials in electronic, opto-electronic, and energy 
devices.[44-49] 
 
To meet the developments of devices (including transparent electrodes, transistors, 
light-emitting diode (LEDs), Organic photovoltaics (OPVs), laser-induced breakdown 
spectroscopy (LIBs), and supercapacitors), hybrid structures of 2D materials are also 
necessary. For example, graphene combined with organic or inorganic 2D materials is 
required for the flexible and stretchable electronics. Future electronics with more 
flexible and stretchable than traditional ones would provide promising device platforms 
for a wide variety of applications (Figure 2-7).[51-53] 
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Figure 2-7. Flexible and stretchable top-gated graphene transistors. (a) The flexible, 
self-aligned graphene field-effect transistors (FETs) on polyethylene terephthalate 
(PET).[51] (b) Flexible, semitransparent, and multiple layers of vertically 3D integrated 
monolithic graphene/graphite devices on plastic films wrapped on a cylindrical glass.[52] 
(c) Schematic cross-sectional and top views of top-gated graphene flake-based 
gigahertz transistors.[53] 
 
In addition, such heterostructures based on various 2D materials can be useful 
especially for electronic applications in transparent and flexible devices (Figure 2-8) 
such as the composition of MoS2, h-BN, and graphene. Furthermore, many works have 
been done in tailoring 2D materials through chemical functionalization for use in a 
diverse range of biomedical applications as biosensors, drug delivery carriers or even 
as therapeutic agents. 
 
Figure 2-8. Flexible heterostructure devices. (a) Optical micrograph of a device 
consisting of MoS2, h-BN, and graphene (MBG). (b) Relative field-effect mobility of 
the MBG device as a function of strain.[54, 55] (c) A photograph of a flexible and 
transparent transistor composed of WS2, h-BN, and graphene.
[56] (d) A photograph of a 
flexible device composed of WS2 between graphene electrodes.
[57] 
Background 
14 
 
2.1.5 Surface functionalization of 2D materials 
Recently, the usage of 2D material has been demonstrated for detecting single 
molecules,[58, 59] sensing pH changes and protein adsorption,[60, 61] and monitoring cell 
action potentials.[62] However, most of potential application of 2D materials are still 
restricted because of their poor dispersibility, chemical stability and limited 
functionality. To explore further potential applications, tune the properties and improve 
solubility and dispersion of 2D materials, various noncovalent and covalent 
modification approaches have been developed. 
2.1.5.1 Noncovalent modification 
Dispersion of 2D materials in common organic solvents, and thereby avoid stacking, 
noncovalent functionalization with different organic compounds is essential. The 
noncovalent functionalization of 2D materials is mostly based on van der Waals forces 
or π-π stacking interactions with organic molecules or polymers that meet some basic 
criteria[63-65] or ionic interactions between end-functional molecules and edge-
functional 2D materials,[66, 67] which have the advantage that the structural and electrical 
quality of the material can be maintained. For example, van der Waals forces are 
developed between graphene and graphene oxide and organic molecules or polymers 
with high hydrophobic character, while π-π interactions are common between graphene 
or graphene oxide and molecules with short to highly extended π system. Because of 
the regular presence of oxygen groups on the surface and edges of graphene oxide, ionic 
interactions and hydrogen bonds are often involved. This is in contrast with pristine 
graphene, which has no oxygen to contribute to these kinds of interactions. The 
noncovalent interactions are very important because the extended π system of 
graphemic nanostructures is not interrupted, which means that important properties 
such as electric conductivity or mechanical strength are not affected. In addition, the 
mild and nonpermanent character of noncovalent interactions offers high flexibility 
with regards to the treatment of the afforded products. A comprehensive presentation 
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of the noncovalent interactions of graphemic nanostructures has been presented several 
years ago, which review on graphene functionalization,[68] including the noncovalent 
interactions of graphemic nanostructures with aromatic species, organic molecules, 
other carbon nanostructures, and inorganic species. For example, the noncovalent 
functionalization of graphene with carboxylate-terminated perylene molecules had 
been reported by Wang and coauthors (Figure 2-9),[69] the functionalized graphene 
nanoplatelets were used to grow metal oxide via atomic layer deposition (ALD). 
Furthermore, noncovalent strategies can minimize the range of subsequent chemical 
processes which can be applied to the physisorbed molecules.[70] 
 
Figure 2-9. Schematics of atomic layer deposition of aluminum oxide via 
trimethylaluminum (TMA) precursor on (a) bare SiO2 substrate, (b) a single layer 
graphene sheet with edges, (c) graphene containing a defect site, and (d) perylene 
tetracarboxylic acid (PTCA)-coated graphene.[69] 
 
In addition, noncovalent functionalization also involves physisorption of the desired 
probe or drug carriers onto the surface of 2D materials, allowing maximal loading as 
well as interaction with the surrounding environment. Polymers or smaller organic 
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molecules can be noncovalently bonded to 2D materials for biosensing and therapeutic 
purposes.[71-73] Probes functionalized onto 2D materials include single-stranded 
fluorescent-labeled DNA whose luminescence is affected by its adsorption to the 2D 
materials layer and subsequent hybridization with another DNA single strand.[74-76] 
2.1.5.2 Covalent modification 
To realize the full potential applications of 2D materials, the precise and controllable 
chemical modification methods must be achieved. A variety of recent reports have 
demonstrated covalent molecular modification of 2D materials.[77-80] This modification 
method is nondestructive for materials and can control density of functional group or 
molecule on materials. Therefore, covalent chemical functionalization is desirable for 
devices which must be exposed to harsh environments for long times, such as biological 
and chemical sensors. When the covalent attachment of small molecules to polymerize 
on the 2D material surface, the properties of 2D materials exhibit a wide range of 
attractive properties and hold great promise in various fields. Zhou and co-workers 
reported on a facile approach to the direct synthesis of organic functional group 
decorated MoS2 (OFGD-MoS2) nanosheets based on the simultaneous exfoliation of 
bulk MoS2 crystals and chemical conjugation of thiol ligands.
[81] Moreover, approaches 
to covalent functionalization of materials would also provide the desired chemical 
activity without affecting electrical transport. For example, the most common method 
of molecular grafting to graphene is based on covalent chemical functionalization 
(Figure 2-10).[82-85] 
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Figure 2-5. Synthesis route of polystyrene functionalized graphene nanosheets.[85] 
 
2.2 Polymer brushes 
Polymer brushes are that the polymer chains are covalently tethered onto a solid 
substrate at one end. Polymer brushes were first used to describe the conformation of 
polymer chains densely grafted to the surface by P.G. de Gennes.[86] Since then, polymer 
brushes have been widely used in environment, energy and biomedical fields because 
scientists can easily control their architecture, functionality, density and thickness even 
with simple laboratory setups. Generally, polymer chains adopt three kinds of 
conformations depending on the grafting density and molecule weight of the polymer 
chains anchored to the surface (Figure 2-11). If the interactions between the polymer 
chain and the surface of the substrate are not very strong, at low graft densities, the 
polymer chain exhibits a random coil structure on the surface, ie, a “mushroom” 
structure (Figure 2-11a). If there is a strong interaction between the polymer chain and 
the surface of the substrate, the polymer chains are strongly adsorbed to the surface, 
presenting a “pancake” structure (Figure 2-11b). If the distance between two polymer 
anchors is larger than the size of the surface-attached polymer chains, as the graft 
density increases, the mutual repulsion between the polymer chains also increases. At 
Background 
18 
 
high graft densities, the spacing of polymer chains is small, and the steric hindrance 
effect stretches the polymer chains and maintains a “brush” conformation (Figure 2-
11c). If the anchorage point between the polymer chains is smaller than the size of the 
polymer, the polymer is highly stretched to reduce the repulsion between polymer 
segments and maintain an equilibrium between repulsion and extension. 
 
Figure 2-6. The different possible conformation of surface-attached polymers: (a) 
“mushroom”, (b) “pancake”, and (c) “brush”. 
 
2.2.1 Preparation methods of polymer brushes 
Polymer brushes are commonly prepared by grafting polymers to surfaces, either via 
chemical bond formation between reactive groups on the surface and reactive end 
groups, or by physisorption of block copolymers with “sticky” segments. In other words, 
there are two common methods for preparing polymer brushes, i.e. “grafting to” and 
“grafting from” (Figure 2-12).[87-89] “Grafting to” method includes the immobilization 
of polymer chains onto the surface by physical adsorption or by specific chemical bonds 
between the surface and the modifiers. The “grafting to” method is experimentally 
simple but still has some limitations. The most obvious one is that it is very difficult to 
achieve polymer brushes with high grafting densities and high thickness because of the 
steric hindrance effect between polymer chains. Furthermore, as the polymer molecular 
weight increases, the interaction between the polymer chain terminal reactive groups 
and the substrate also weakens. The “grafting from” method is from the surface of the 
initiator to control the functionality, density, and thickness of polymer brushes. For this 
method, the substrate of choice (planar or particle) is modified with self-assembled 
initiator monolayers. These monolayers can be formed on almost any surface, as long 
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as the anchor functionality is chosen right, such as thiols on gold, silanes on glass, 
Si/SiO2 and plasma oxidized polymers. Then the initiator surfaces are exposed to 
solutions containing catalyst and monomer (plus solvent if necessary). Ideally, the 
polymerization is not only surface-initiated but also surface-confined, without 
polymerization in solution.[89] In order to ensure that the polymer is a “brush” structure 
on the surface, the polymer chains must be strongly adsorbed onto the surface while the 
graft density of the polymer is sufficiently high. “Grafting from” method is also called 
as surface-initiated polymerizations which is a bottom up method. Therefore, polymer 
brushes with higher graft density can be easily prepared. 
 
Figure 2-7. Schematic illustration of the preparation of polymer brushes via the 
“grafting to” and “grafting from” strategy. 
 
So far, such surface-initiated polymerization methods are still the most frequently 
applied in engineering surfaces and interfaces with polymer brushes, as a result of their 
simple experimental setup, mild reaction conditions, tolerance toward a variety of 
functional groups and compatibility with aqueous and organic media. In addition, the 
use of surface-initiated polymerization also enables the control and variation of the 
architecture of polymer brushes (Figure 2-13),[90-100] including block and random 
copolymer brushes, gradient brushes, binary brushes, cross-linked and free-standing 
brushes, and various branched polymer brush architectures. Various surface-initiated 
polymerization strategies will be introduced below, such as surface-initiated atom 
transfer radical polymerization (SI-ATRP),[101] surface-initiated reversible addition-
fragmentation chain transfer polymerization (SI-RAFT),[102] surface-initiated ring-
opening metathesis polymerization (SI-ROMP),[103], surface-Initiated copper(0)-
mediated controlled radical polymerization (SI-CuCRP),[104] and surface photoinitiated 
chain transfer termination radical polymerization (SIPGP).[105] 
Background 
20 
 
 
Figure 2-8. Overview of different polymer brush architectures that can be prepared via 
surface-initiated controlled radical polymerization.[87] (A) block copolymer brushes,[90] 
(B) random copolymer brushes,[91] (C) cross-linked polymer brushes,[92] (D) free-
standing polymer brushes,[93] (E) hyperbranched polymer brushes,[94] (F) highly 
branched polymer brushes,[95] (G) Y-shaped binary mixed polymer brushes,[96] (H) 
standard binary mixed brushes,[97] (I) molecular weight gradient polymer brushes,[98] (J) 
grafting density gradient polymer brushes,[99] (K, L) chemical composition gradient 
polymer brushes.[100] 
 
2.2.1.1 Surface-initiated atom transfer radical polymerization (SI-
ATRP) 
ATRP has attracted wide attention since it was first reported in 1995, subsequently it 
has been a rapidly developed technique for the preparation of polymers with unique and 
well-defined architectures because of its relatively mild reaction conditions.[106, 107] 
ATRP uses an alkyl halide (RX) or macromolecular species (Pn-X) as an initiator, and 
the transition metal complexes (Mt/L: Mt = Cu, Fe, Ir, etc., L = ligand) as a halogen 
atom carrier which is formed by the transition metals with ligand as a catalyst. Among 
them, copper is the most commonly used catalyst. The reversible rapid dynamic 
equilibrium between active species and dormant species was achieved through the 
redox reaction, so that a controlled polymerization process was achieved (Figure 2-
14).[108] In the ATRP process, the dormant species Pn-X is activated through a reversible 
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redox reaction. When the Pn-X bond breaks, it generates a radical centered on the carbon 
atom and initiates the polymerization Pn* of the monomer. The activation process is the 
transfer of a single electron from the transition metal to the halogen atom to generate a 
high-valence metal halide Mt
m+1-X. At the same time, Pn-Mm reabsorbs the halogen 
from the high-valent metal halide Mt
m+1-X to undergo a deactivation reaction, forming 
an Pn-Mm-X dormant species and reducing the high-valent metal halide to a low-valence 
state. Among them, many factors will affect the polymerization reaction, such as the 
ratio of ligand and metal catalyst, ligand type, concentration of catalyst [CuI]/[CuII], 
initiator, counter ion, solvent, and so on. However, this also offers the possibility to 
regulate the polymerization reaction. 
 
Figure 2-9. Reaction scheme of the ATRP mechanism. 
 
SI-ATRP is considered to be the most successful controlled radical polymerization 
method for preparing various functional polymer brushes and has important application 
value. In recent years, the preparation of polymer surfaces with more complex 
structures has been successfully achieved through the SI-ATRP technology, such as 
block polymers, gradient polymers, copolymers, inorganic/organic composites, 
bioconjugates. Compared with other technologies, SI-ATRP has obvious advantages, 
such as: (1) The entire polymerization process is controlled free-radical polymerization, 
the molecular weight and the thickness of the polymer brushes increases linearly with 
the polymerization time; (2) The reaction conditions are mild, the applicable range of 
monomers is wide, and purity of the monomers is not very high; (3) The preparation 
process is flexible, and the chemical composition and structure of polymer brushes can 
be rationally designed and controlled; (4) The thickness and the graft density are 
controllable, and the polymer has a narrow molecular weight distribution; (5) 
Biocompatibility.  
Background 
22 
 
Various SI-ATRP methods with high oxygen tolerance have been developed. Zhou et 
al. first reported aqueous electrochemically induced SI-ATRP on an initiator-
functionalized conductive substrate which was as a working electrode (Figure 2-
15a).[109] Later, they extended the electrochemically induced SI-ATRP to a 
nonconductive substrate (Figure 2-15b).[110] By tilting the substrate, gradient polymer 
brushes were obtained. S. Inagi et al. reported an electrochemically induced SI-ATRP 
for fabrication of both gradient and patterned polymer brushes via a bipolar 
electrochemical method (Figure 2-15c).[111] This method can be conducted in a low 
concentration of the supporting electrolyte, have multiple polarities and the ability to 
generate a potential gradient. However, they still need electrochemical setup which 
might limit their applications. Zhou et al. further used a zinc slice as a reducing resource 
to catalyze SI-ATRP with microliter volumes of monomer solutions which avoided the 
use of electrochemical setups (Figure 2-15d).[112] The suitable polymerization of 
various monomers proved the versatility of this method. Up to now, all the SI-ATRP 
methods need copper salts which limit their usage in biomedical fields. Recently, 
organocatalyzed ATRP has drawn much attention because of the elimination of metallic 
contaminants. Hawker et al. fabricated well-defined and multifunctional polymer 
brushes by organocatalyzed SI-ATRP with N-phenylphenothiazine as both oxygen 
scavenger and polymerization catalyst (Figure 2-15e).[113] 
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Figure 2-10. (a) Electrochemically induced surface-initiated ATRP at a cathodic current 
to trigger the polymerization.[109] (b) Electrochemically induced SI-ATRP to a 
nonconductive substrate.[110] (c) Electrochemically induced SI-ATRP for fabrication of 
both gradient and patterned polymer brushes via a bipolar electrochemical method.[111] 
(d) A zinc slice as a reducing resource to catalyze SI-ATRP with microliter volumes of 
monomer solutions without electrochemical setups.[112] (e) Organocatalyzed SI-ATRP 
to fabricate well-defined and multifunctional polymer brushes.[113] 
 
2.2.1.2 Surface-initiated reversible addition-fragmentation chain 
transfer polymerization (SI-RAFT) 
The RAFT polymerization is a type of living radical polymerization and mediated by a 
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dithioester chain transfer agent. Figure 2-16 shows the polymerization process of 
poly(methyl methacrylate) and polystyrene. Polymerization is initiated in the monomer 
solution and simultaneously happens the reversible addition with the C=S double bond 
of dithioesters. The S-R bond in the added product radical breaks down, forms a new 
free radical active species, and initiates monomer polymerization. In this way, this cycle 
continues to generate polymer chains.[114] RAFT can be initiated by azo or peroxide 
initiators, and also by heat or UV light. The RAFT polymerization has the general 
characteristics of living polymerization. For example, the molecular weight of the 
polymer is proportional to the ratio of the monomer concentration to the initial 
concentration of the RAFT agent. The molecular weight of the polymer increases 
linearly with the conversion of the monomer and the molecular weight distribution is 
narrow. RAFT polymerization system also has some other advantages: a variety of 
polymerizable monomers; mild polymerization conditions; it can be achieved by bulk, 
solution, emulsion, suspension and other methods of polymerization; it can synthesize 
the different fine polymer structures, such as linear, block, brush type, star type; and it 
can be introduced by means of an active terminal to thereby prepare a functional 
polymer. 
 
Figure 2-11. Polymer brushes grown by RAFT polymerization: (a) Poly(methyl 
methacrylate), (b) polystyrene.[89] 
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2.2.1.3 Surface initiated ring-opening metathesis polymerization (SI-
ROMP) 
Ring opening metathesis polymerization (ROMP) of strained cyclic monomers, in 
particular functionalized norbornenes, has attracted recent attention for the synthesis of 
polymers with useful electrical properties. Many important petrochemical products can 
be prepared by ring-opening polymerization, which plays an important role in industrial 
development. Whitesides et al. used an immobilized ruthenium catalyst to prepare 
brushes from norbornene-derived monomers on Si wafer surfaces.[115] ROMP mainly 
uses ring opening to synthesize different molecular weight polymers under the catalyst 
(Figure 2-17). First, ROMP catalyzed polymerization forms metal cerium carbene 
compounds, in which the activation of carbenes is controlled by the step-rate control 
process, and finally the active catalytic center is generated under the interaction of 
solvents, catalysts, and substituents. After the metal-carbene compound is formed, the 
ring of the cyclic hydrocarbon monomer is opened to form a double bond compound 
having a linear chain and connected to the metal at the head and tail, and further reacts 
with the double bond on the other monomer to form a certain molecular weight polymer 
chains.[116, 117] In recent years, the range of applications for ROMP polymerization has 
been gradually extended. Polymerization can be achieved in water and organic solvents. 
Boydston’s research group used organic catalysts (without metal catalysts) to initiate 
polymerization by single-electron oxidation of vinyl ether, which can be moderately 
aggregated.[118] This reaction can effectively control the molecular weight of the 
polymer and the entire polymerization process under the wild conditions, which has 
taken ROMP polymerization a major step forward. 
 
Figure 2-12. Generalized depiction of ROMP using transition metal alkylidene 
initiators.[118] 
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2.2.1.4 Surface-initiated copper(0)-mediated controlled radical 
polymerization (SI-CuCRP) 
Cu(0)-mediated controlled/living radical polymerization has emerged as a very 
powerful tool to prepare functional materials because of its versatility, high oxygen 
tolerance and high end-group fidelity. In contrast to other polymerization methods, the 
SI-CuCRP uses only catalytic amounts of nascent Cu(0) to generate radicals from 
halides (initiator or dormant polymer species) and most importantly, only a ligand but 
no additional Cu salts are added. Recently, Zhang and co-workers[104, 119] reported on a 
new facile approach to prepare defined and dense polymer brushes on planar substrates 
by SI-CuCRP of numerous vinyl monomers using a copper plate at room temperature 
(Figure 2-18). The fabrication of a variety of homo-, block, gradient and patterned 
polymer brushes as well as polymer brush arrays is demonstrated. The SI-CuCRP was 
found to be strictly surface-confined, of highly living character, proceeds remarkably 
fast and results in polymer brushes of very high grafting densities. The brush layer 
thickness can be modulated by the polymerization time or by the distance of the copper 
plate to the modified substrate. As the copper plate can be reused multiple times, no 
additional copper salts are added, and only minimal amount of chemicals is needed, the 
simple and low-cost experimental conditions allow researchers from various fields to 
prepare tailored polymer brush surfaces for their needs. 
 
Figure 2-18. Preliminary mechanism of SI-CuCRP mediated by a copper plate based 
on the current mechanisms for the Cu(0)-mediated SARA-ATRP and SET-LRP.[104] 
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2.2.1.5 Self-initiated photografting and photopolymerization (SIPGP) 
SIPGP method belongs to the direct photografting polymerization and has been 
successfully used for the preparation of well-defined, homogeneous and highly stable 
polymer brushes on various substrates.[105, 120-122] According to previous studies, the 
currently working hypothesis is given based on a mechanism of SIPGP (Figure 2-19). 
When irradiated monomers with UV light, they will absorb photon energy and acts as 
photoinitiator. It will be excited to the higher singlet state [M]S and can be transformed 
into a more stable triplet state [M]T via intersystem crossing (ISC) which contains two 
free radicals [M]*. [M]* can initiate a free radical polymerization in solution forming 
homopolymer (Route b). Meanwhile, it can also abstract hydrogen from the substrate 
to form surface free radicals which can initiate SIPGP of monomer to get polymer 
brushes (Route a). In these steps, there are two things worthy to note. One is that the 
bond dissociation energies (BDEs) of the abstractable group have something important 
with SIPGP.[123] Another is that the wavelength of the UV-irradiation should be above 
300 nm otherwise, the photo-degradation of the formed polymer brushes can 
significantly take place.[124] 
 
Figure 2-19. The mechanism of SIPGP. 
 
SIPGP is an important “active” radical polymerization method for preparing polymer 
brushes. The photoinitiated polymerization reaction doesn’t require catalyst, initiator or 
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other agents. For example, styrene can generate free radicals when exposed to UV light, 
so it can initiate free radical polymerization on the surface. Furthermore, the functional 
groups (such as -H, -NH2, -OH) on substrates can directly react with monomers at room 
temperature and form the polymer brushes. Alternatively, polymer brushes can be 
prepared from a wide variety of different substrates, such as inorganic material 
substrates (silicon oxide, silicon, metal oxide, TiO2, ITO, ZrO2), polymer substrates 
(natural materials, synthesis materials), 1D and 2D material substrates, and so on. Table 
2-1 provides an overview of the different substrates, types of functional groups on 
substrates, related monomers and the applications that have been used to graft polymer 
brushes by SIPGP. 
 
Table 2-1. Polymer brushes on the different substrates by SIPGP. 
Substrates 
Types of 
functional 
groups of 
substrates 
Monomers Applications 
Poly(ethylene 
terephthalate) (PET)[125, 126] 
-H 
Acrylamide (AAm), 2-
(dimethylamino) ethyl 
methacrylate 
(DMAEMA) 
Dual-responsive ion 
gate 
poly(arylsulfone) and 
poly(ether sulfone)[127] 
Aryl 
radical, 
sulfonyl 
radical 
2-hydroxyethyl 
methacrylate (HEMA), 
glycidyl methacrylate 
(GMA) and methacrylic 
acid (MAA) 
/ 
Low-density 
polyethylene[128] 
-H 
Maleic anhydride 
(MAH), acrylic acid 
(AA) 
/ 
High-density polyethylene 
(HDPE)[105] 
-H 
AA, MAA, 2-
hydroxyethyl acrylate 
(HEA), glycidyl 
acrylate (GA), HEMA, 
poly(ethylene glycol) 
methacrylate (PEGMA)  
/ 
Structured 2D azo 
initiator[129-131] 
-NH2 
Styrene, 4-vinyl 
pyridine (4VP), methyl 
methacrylate (MMA) 
/ 
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Diamond[129, 132] -OH 
Styrene, 2-isopropenyl-
2-oxazoline (IPOx) 
/ 
Poly(ether ether ketone) 
(PEEK)[133, 134] 
-H 
2-methacryloyloxyethyl 
phosphorylcholine 
(MPC), AA 
/ 
Carbon[123, 135] -H Styrene, DMAEMA / 
Glassy carbon (GC) [136, 137] -OH IPOx, DMAEMA 
Surface enhanced 
Raman spectroscopy 
Polystyrene slides[138] -OH 
HEMA, PEGMA (PEG 
chain length ~ 10 
ethylene glycol units), 
ethylene glycol methyl 
ether methacrylate 
(EGMEMA), 2-
carboxyethyl 
methacrylate (CEA) 
Platelet adhesion tests 
Silicon Carbide[139] -OH Styrene, DMAEMA / 
Graphene[140, 141] -H 
Styrene, MMA, 
methacrylatoethyl 
trimethyl ammonium 
chloride (METAC), 
4VP, DMAEMA 
Transistor sensors 
SiO2-APTES[142] -NH2 IPOx 
Protein adsorption and 
cell adhesion 
Gallium phosphide 
(GaP)[143-147] 
-OH 
4VP, N-vinylimidazole 
(NVI) 
Electrochemistry, 
photoelectrochemistry 
Hydrogenated 
Graphene[148] 
-H Styrene, MMA / 
1-pyrenemethylamine[149] -NH2 Styrene, DMAEMA / 
3-aminopropyltriethoxy- 
silane (APTES)[150-153] 
-NH2 
DMAEMA, ethylene 
glycol dimethacrylate 
(EGDM), MMA, 4VP 
Catalyst, SERS, sensor, 
hydrogel 
Carbon nanotubes[154-158] -OH 
Styrene, DMAEMA, 
sodium 4-
styrenesulfonate (NaSS) 
Oil/water separation, 
FET, electronics 
Graphene oxide / chitosan 
membrane[159], graphene 
oxide[160] 
-OH,     
-NH2 
Styrene, DMAEMA Oil/water separation 
Polyacrylic acid (PAA, 
average molecular weight, 
Mw = 15000)[161] 
-COOH Styrene / 
HS-UDA-mPEG 
(HS(CH2)11CONH(C2H4O)
11CH3[162] 
-NH- 
CEA, 2-aminoethyl 
methacrylate 
hydrochloride (AEMA) 
Protein resistance 
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TiO2[122] -OH 
MMA, NVI, styrene, 
4VP 
/ 
Cross-linked polystyrene 
(PS) microspheres[163] 
-H EGDM / 
Two-dimensional 
vanadium carbide (V2C) 
materials[164] 
-OH DMAEMA 
CO2 and temperature 
response 
Polydopamine[165-169] 
-OH,  
-NH2 
Styrene, DMAEMA, 
MMA, 4VP, METAC, 
3-sulfopropyl 
methacrylate potassium 
salt (SPMA), tert-butyl 
acrylate (tBuMA), N-
iso-propylacrylamide 
(NIPAm), methacrylic 
acid sodium salt (MAA-
Na) 
Cell adhesion, water 
treatment, drug-
controlled release 
3-(tri-methoxysilyl)propyl 
methacrylate (TMSPMA) 
modified Fe3O4[170] 
vinyl 
groups 
Styrene / 
Carbon 
nanotubes/graphene 
oxide[171] 
-OH Styrene, DMAEMA Electric carpet 
Zirconia (ZrO2)[172] -OH 
MMA, MAEMA, 
styrene, 4VP 
Catalyst 
Ti4AlN3[173] -OH Styrene / 
Green tea polyphenol[174] -OH 
[2-(Methacryloyloxy) 
ethyl] dimethyl-(3-
sulfo-propyl) 
ammonium hydroxide 
(SBMA), METAC, 
styrene 
/ 
Cellulose nanocrystals[175, 
176] 
-OH 
N-hydrox-ysuccinimide 
methacrylate 
(NHSMA), MMA, 
Styrene, IPOx 
Heterogeneous visible-
light photocatalysts, 
photothermal cancer 
therapy 
Metal-organic 
frameworks[177] 
-NH2 
MMA, Styrene, IPOx, 
DMAEMA 
Removal of organic 
dyes  
Plasma polymerized 
allylamine coatings on Si 
wafers (SiAlaPP), tissue-
culture polystyrene 
(TCPS), thermanox (T-ox), 
polydimethyl-siloxane 
-H 
2-(2-
chloropropanoyloxy) 
ethyl acrylate (CPOEA) 
/ 
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(PDMS)[178] 
Nanostructured indium tin 
oxide (nanoITO)[179] 
-OH 4VP Electrocatalysis 
 
Compared with other methods, SIPGP does not require prior modification of the 
treatable surface prior to polymerization. The direct preparation of polymer brushes 
with controllable thickness provides a stable and reliable platform for post-modification. 
For example, after surface adsorption of Ag nano-ions on polymer brushes, they show 
excellent surface Raman enhancement.[137] The monomer concentration, 
polymerization time, and solvent conditions have an important influence on the 
polymerization reaction. In the polymerization process, no additional initiator is 
required, and the polymerization is performed by one-step polymerization. SIPGP are 
simpler and more practical than other traditional methods. In addition, masked plate 
technology by SIPGP can also be used to precisely control the polymer modified region 
to produce a multifunctional surface.[167] 
2.2.2 Characterization of polymer brushes 
The most important characteristics of polymer brushes are the film thickness, the 
chemical composition and structure, molar mass, dispersity and grafting density of the 
surface tethered polymer chains. FTIR spectroscopy is a useful tool to qualitatively 
provide evidence for the presence of certain functional groups. For the characterization 
of very thin films, the sensitivity can be improved by using special techniques such as 
grazing angle reflection-absorption infrared spectroscopy.[180] XPS can provide 
quantitative information about the chemical composition of a polymer brush and can 
also give insight into the chemical structure of the analyzed material.[181] Ellipsometry 
is a convenient and accurate tool to determine the thickness of an initiator monolayer 
or a polymer brush.[182] Alternatively, AFM can also be used, but this requires the use 
of patterned brushes or mechanically removing (scratching) part of the polymer brush 
coating prior to the analysis. It has been observed, however, that, under high load 
conditions, the AFM tip can compress the brush, leading to an underestimation of the 
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film thickness.[183, 184] Other techniques that have been used to determine brush 
thickness include X-ray reflectivity (XRR).[185, 186] For brushes grafted on particles, 
TEM,[187] elemental analysis,[188, 189] dynamic light scattering (DLS),[190, 191] and 
thermogravimetric analysis (TGA)[192, 193] can be used. In principle, information about 
the molecular weight and molecular weight distribution of the surface-attached polymer 
chains can be obtained by GPC (Gel permeation chromatography) analysis after 
cleavage of the brush from the substrate.[194] In practice, however, this requires high 
surface area substrates (e.g., silica particles) that can provide sufficient material for 
GPC analysis as well as special linkers that facilitate brush cleavage. The topography 
and surface structure of polymer brushes has been investigated by optical 
microscopy,[195] SEM,[196] and fluorescence microscopy.[197] In addition, quartz crystal 
microbalance (QCM) and QCM with dissipation monitoring (QCM-D) are useful tools 
to in situ monitor such conformational changes.[198, 199] 
2.2.3 Properties and applications of polymer brushes 
Polymer brushes with well-defined chemical architectures, densities and thicknesses 
enable a material surface controllable wettability, biocompatibility, reversible 
conformational changes, excellent antibacterial and protein adhesion properties, and 
molecular recognition and thus have been widely used in the biomedical field,[87, 200-202] 
functional nanomaterials and nanofabrication,[203, 204] lubrication and friction[205], and 
energy related field[206]. Some polymer brushes can give responses to external stimuli 
(temperature, pH, and humidity)[207]: e.g. PNIPAM can response to temperature, when 
the temperature is higher than its lower critical solution temperature (LCST), PNIPAM 
will collapse and will swell when the temperature is lower than its LCST. These kinds 
of polymer brushes can be used to fabricate smart materials. For example, Li and 
coworkers used polymer brushes to fabricate a caterpillar-mimetic bilayer actuator[208]. 
They decorated a wrinkled polydimethylsiloxane elastomer with polyelectrolyte 
brushes, poly(3-sulfopropyl methacrylate potassium salt) (PSPMA) via SI-ATRP to get 
the actuator. As PSPMA is very hydroresponsive, the actuator folded quickly when 
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exposed to water (Figure 2-20). 
 
Figure 2-20. Rationally designed devices capable of self-folding into complex three-
dimensional structures. a) A typical image of a device before and after bending, into a 
tube shape. b) Fast bending of the device in water. c) Image showing the local bending 
response upon contact with water. d) A helix structure formed under water.[208] 
 
There are some polymer brushes whose functional groups can be used for further post-
modification. Poly(glycidyl methacrylate) brushes have a lot of epoxide functional 
groups which can be used to react with primary amine to make polymer brushes with 
desired functionalities.[209] Gary F. Moore and coworkers modified poly(4-
vinylpyridine) (P4VP) brushes with cobaloxime catalyst precursor to fabricate Co-
functionalized photocathode.[143] Process and properties of the photocathode is shown 
in Figure 2-21. P4VP brushes were firstly grafted on visible-light-absorbing 
semiconductor p-type (100) GaP via SIPGP. Then cobaloxime catalyst was loaded on 
the P4VP brushes. Later, the same group extend this method to other polymer brushes 
poly(vinylimidazole) (PVI).[147] 
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Figure 2-21. Schematic pepresentation of the attachment method used to assemble 
modified photocathodes.[143] 
 
In addition, some polymer brushes can be used to fabricate well-dispersed metal 
nanoparticles and metal films. As we know, for most substrates, there are few sites for 
anchoring metal nanoparticles resulting in aggregates. To increasing the active sites, 
grafting polymer brushes can be the best way. Smrati Gupta and coworkers grafted 
poly(2-(dimethylamino)ethyl methacrylate) (PDMAEMA) brushes on glass carbon 
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substrate via SIPGP (Figure 2-22).[137] Then Ag+ ions were adsorbed on the 
PDMAEMA brushes because of electrostatic interaction by incubating the brush-
modified substrate with AgNO3 solution. After reduction of Ag with aqueous NaBH4 
solution, Ag nanoparticles were formed in the PDMAEMA brushes. The resultant Ag-
PDMAEMA composites were used as a sensor platform for SERS to detect organic 
molecules. Omar Azzaroni and coworkers used polyelectrolyte brushes for copper 
electroless deposition.[210] Poly(2-(methacryloyloxy)ethyl-trimethylammonium 
chloride) (PMETAC) brushes were first prepared by ATRP. Then the PMETAC brushes 
modified substrate was immersed into 1mM PdCl4
2- solution. After 20 min, PdCl4
2- 
species were immobilized on the PMETAC brushes because N-containing groups have 
strong affinity to PdCl4
2- species. Subsequently, PMETAC brushes with PdCl4
2- species 
were dipped into fresh copper electroless plating bath to get the copper films on the 
PMETAC-modified substrate. Nowadays, polymer-assisted metal deposition has been 
widely used to fabricate flexible and wearable electronics.[211] At the same time, 
polymer brushes have also been reported in the fields of biology, solar cells, memory 
storage, sensors, and electronic devices. 
 
Figure 2-22. Schematic illustration of the fabrication of PDMAEMA brushes by SIPGP 
and immobilization of Ag NPs.[137] 
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3 Motivation and aim 
Two-dimensional (2D) materials have recently attracted considerable interest because 
of their excellent physical and chemical properties, such as high electron mobility, 
flexibility, mechanical strength and relatively low toxicity. Along with their unique 
physical and electronic properties, 2D materials have been widely used in various fields 
such as nano-electronics, energy storage, optoelectronics and in biological systems. 
Intensive efforts from academia and industry have been placed in the research of 2D 
materials due to their potential applications. However, most of the potential applications 
are still restricted by the structure of 2D materials in bulk, such as poor dispersibility 
and limited chemical functionality. Surface functionalization is an effective approach 
to improve the properties of 2D materials. At present, covalent functionalization 
requires several experimental steps and involves the ligands and catalysts, that are not 
environmentally friendly and change the structures and properties of the 2D material. 
Simpler and safer functionalization methods of 2D materials need to be explored. 
Self-initiated photografting and photopolymerization (SIPGP) is a facile one-step 
process that uses the monomer itself as the photosensitizer and no any metal/ligand 
catalyst, additional photoinitiator or dye sensitizer is needed. Polymer brushes have 
been widely used as coatings owing to their interesting physicochemical properties at 
surfaces, such as introducing chemical functions, controlling the surface-free energy 
and friction, modulation of bioadhesion, and design of adaptive interfaces, artificial 
muscles, sensors and drug delivery systems. Based on the shortcomings of the current 
modification methods of 2D materials and the excellent surface properties of polymer 
brushes, SIPGP was used to modify the 2D materials and various functional 2D 
materials in this thesis. Meanwhile, the various applications of modified 2D materials 
with polymer brushes are also discussed. The new surface grafting method can be 
advantageously exploited to synthesize functional polymer surfaces in environmentally 
friendly media and facilitate in situ regulation of a dynamic polymerization process. 
The combination of micro-printing techniques and surface grafting strategies provides 
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exquisite control of polymer brushes growth with more complex compositions and 
patterns. These findings are crucial to develop rational synthetic strategies, design new 
structures and functionalities for future applications, and improve the optical, electronic 
and chemical properties of 2D materials. 
The main aim of this thesis is to extend SIPGP approaches that would provide 
straightforward and efficient access to functional and conjugated polymer brushes on 
different 2D material substrates. 
Results and discussion 
39 
 
4 Results and discussion 
4.1 Polymer brushes on hexagonal boron nitride (hBN) 
Unlike graphene,[212, 213] covalent functionalization of hBN sheets, especially with 
polymer brushes, has rarely been reported due to its extremely high chemically stability 
and resistance to oxidation even at temperatures above 800°C.[214, 215] Hence, it is 
particularly challenging to perform chemical reactions on the hBN lattice while 
preserving its intrinsic properties. However, the use of very strong oxidation agents to 
obtain hydroxylated hBN for the functionalization is undesirable and a bottleneck for 
large-scale production. In general, the functionalization of hBN relies on multi-step 
modification procedures with volatile and very aggressive chemicals. A more facile and 
safer chemical modification of hBN is therefore desirable. In this work, a covalent 
functionalization of large area single layer hBN with polymer brushes has been 
performed. 
4.1.1 Direct modification of SL-hBN nanosheets by SIPGP 
The functionalization of large area SL-hBN with a variety of polymer brushes is 
realized by self-initiated photografting and photopolymerization (SIPGP),[135, 216-220] 
analog to other two dimensional materials such as cross-linked self-assembled 
monolayers[131, 221], graphene oxide and graphene[222, 223] or graphane.[224] Herein, 
several vinyl monomers such as styrene (S), 4-vinylpyridine (4VP), 
methylmethacrylate (MMA) and N,N-dimethylaminoethyl methacrylate (DMAEMA) 
were successfully converted to polymer brushes, covalently bonded to SL-hBN, as 
shown in Figure 4-1. 
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Figure 4-1. Schematic illustration of the direct modification of SL-hBN nanosheets by 
SIPGP of vinyl monomers under UV irradiation (monomers: S, 4VP, MMA, and 
DMAEMA) 
 
4.1.2 The characterization of SL-hBN and modified SL-hBN with 
polymer brushes 
Commercially available large area (5 cm x 2.5 cm) chemical vapor deposition (CVD) 
grown SL-hBN on copper foil[225, 226] (Figure 4-2) was cut into pieces, 5 mm x 5 mm, 
and was transferred onto a silicon wafer (300 nm oxide layer) via PMMA-mediated 
transfer process.[227] Ellipsometry revealed a thickness of 0.5 nm ± 0.2 nm which 
indicates the presence of a SL-hBN on the wafer substrate. The surface-initiated 
polymerization of vinyl monomers by SIPGP was performed by irradiation of SL-hBN 
sheets on silicon supports immersed in degassed bulk monomer with UV light (W = ~ 
5mW/cm2, λmax=365 nm). As seen in Figure 4-2, only the areas with hBN showed 
significant changes in the optical appearance upon the SIPGP. The uniformity observed 
in the photographic images is a first indication of the formation of homogeneous 
polymer brushes over the entire hBN area. 
 
Figure 4-2. Photographs of CVD hBN on copper foil and transferred hBN before and 
after grafting of PS, PMMA, P4VP and PDMAEMA brushes. 
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AFM measurements have revealed the following thicknesses for the brush layers: d = 
30 ± 5 nm for PS (tSIPGP = 12 h), d = 35 ± 5 nm for P4VP (tSIPGP = 8 h), d = 46 ± 3 nm 
for PMMA (tSIPGP = 6 h), and d = 50 ± 8 nm for PDMAEMA (tSIPGP = 4 h) (Figure 4-
3a). The surface roughness of as-grafted polymer brushes (Figure 4-3b) is 3.08, 2.24, 
4.02, and 3.91 nm for PS, P4VP, PMMA, and PDMAEMA, respectively, which is in 
the normal range and in good agreement with the literature.[12b] The obtained growth 
rates were m = 2.2 nm/h for PS and 13.4 nm/h for PDMAEMA, respectively (Figure 
4-3c and Table 4-1 for grafting density). In comparison, the growth rate of PS brushes 
on graphene is only about m = 1 nm/h[14] which indicates a higher grafting probability 
on hBN by the SIPGP mechanism involving surface radical formation on the 2D 
materials. This difference might be accounted to the presence of defect sites/radicals in 
hBN and/or the nitrogen atoms in hBN. Previous studies showed the high grafting 
efficiency of SIPGP especially on amino-functionalized surfaces such as crosslinked 
SAMs of 4'-amino-1,1'-biphenyl-4-thiol on gold (m = 7 nm/h) [216] and the same 
transferred to Si/SiO2 substrates (m = 35 nm/h).
[131, 221] This high grafting efficiency is 
attributed to the low bond dissociation energy of the amino-hydrogen.[216] For the 
polymer grafting on graphene, local chemical defects appear to play a major role as the 
brush layer thickness is a direct function of the degree of hydrogenation of graphene.[224] 
Furthermore, the changes of the static water contact angle (ΘS) from the pristine SL-
hBN (ΘS = 52°), to the brush grafted hBN (hBN-PS: ΘS = 91°; -PMMA: ΘS = 63°; -
P4VP: ΘS = 57°; -PDMAEMA: ΘS = 79°) further corroborates the successful formation 
of homogeneous polymer brush layers on the SL-hBN (Figure 4-3d). 
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Figure 4-3. (a) AFM height scans of samples and their corresponding height profiles. 
(b) AFM scans of samples show the surface roughness. (c) The growth rate of PS and 
PDMAEMA, respectively. (d) Contact angles of water on pristine hBN and on hBN 
after SIPGP of respected polymer brushes. 
 
Table 4-1. Grafting density of polymer brushes grown on large area single layer hBN. 
Polymer Brushes PS PMMA P4VP PDMAEMA 
Dry thickness (nm) 30 ± 5 15 ± 2 35 ± 5 50 ± 8 
Swollen thickness (nm) 195 ± 6 51 ± 5 153 ± 2 126 ± 12 
 
Swelling ratio in Solution 
THF Ethanol H2O 
6.05 ± 
0.19 
3.51 ± 
0.35 
4.34 ± 
0.06 
2.52 ± 0.23 
Grafting density σ (nm-2) 0.03 ± 0.0 0.08 ± 
0.01 
0.06 ± 
0.01 
0.08 ± 0.01 
Distance between grafting sites 
D (nm) 
6.5 ± 0.03 4.0 ± 0.07 4.6 ± 0.06 4.0 ± 0.07 
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Grafting density: σ = (ρ0hdNA)/M0N 
Degree of polymerization: N = [1.074(hswollen)
3/2]/[(hdry(Å
2 ))1/2] 
Where N: degree of polymerization, hs: swollen height, hd: dry height, σ: grafting 
density, ρ0: polymer density, NA: Avogadro’s number, M0: the monomer molecular 
weight.  
The constant related to the excluded volume parameter, was always set as 1.074 
independent of the type of monomers. NA = 6.02 ×10
23 mol−1. 
S:  M0 = 104.15 g/mol, ρ0 = 0.906 g/cm
3; 4VP:  M0 = 105.14 g/mol, ρ0 = 0.975 g/cm
3 
MMA:  M0 = 100.12 g/mol, ρ0 = 0.94 g/cm
3; DMAEMA:  M0 = 157.21 g/mol, ρ0 = 
0.93 g/cm3  
 
To study the compositional quality of the polymer brushes and their grafting 
mechanisms, XPS analysis was performed on the transferred hBN sheets on SiO2 
substrates before and after grafting of polymer brushes (Figure 4-4). To this end, the 
thickness of the brushes was chosen < 10 nm, in order to detect the N 1s and B 1s signal 
of the hBN. As shown in Figure 4-4a, for the native SL-hBN, the detected B 1s peak 
at 190.6 eV and the N 1s peak at 398.0 eV are in good agreement with previous 
reports.[225, 226, 228, 229] The ratio of 1:1 for both elements confirms the high quality of the 
hBN films used for the polymer grafting. The small amount of carbon found in the 
sample fits to the signature of PMMA used for the transfer of the hBN layer. For P4VP 
brushes (Figure 4-4b), the C1s signal consist of C-C and C-N species as expected. 
Moreover, the pyridinic type of nitrogen at 399.5 eV found in the N1s signal and the 
C:N ratio of 8±1:1 fit to the chemical structure of the polymer confirming a successful 
grafting. A detailed analysis of the B1s signal shows a shift of ~ 0.5 eV of the boron 
peak towards higher binding energies indicated by the arrow in the figure. As this 
observation is found in a similar way for PS (Figure 4-4c), PDMAEMA brushes 
(Figure 4-5A) we conclude the covalent binding of the polymer brushes via the boron 
atoms in the hBN film. This mechanism is most likely slightly different for PMMA 
brushes (Figure 4-5B), as the main component of the B1s signal is not shifted (190.7 
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eV, green) and a significant amount of C-N bonds (399.8 eV, green) are found. 
Therefore, PMMA is most likely bound covalently to the N- sites of h-BN whereas the 
single species in the N1s signal of PS at 398.4 eV do not indicate such binding. Due to 
the presence of other C-N species in P4VP and PDMAEMA only the grafting at boron 
sites can be detected. Similar to the formation of P4VP brushes, also the C1s and N1s 
spectra of PS, PDMAEMA and PMMA confirm a successful grafting of the polymer 
brushes. Based on XPS results, the proposed binding mechanism for all polymer 
brushes is depicted in Figure 4-5C. 
 
Figure 4-4. XPS analysis of polymer brushes grown on hBN transferred on SiO2 
substrates. In comparison to pristine hBN, the B1s signal shifts toward higher binding 
energy after the polymer is grafted. The N1s and C1s spectra confirm the successful 
grafting of the P4VP and PS brushes, respectively. 
 
The grafting mechanism reported here corroborates with other reports on the 
functionalization of micrometer-size hBN nanosheets[230-232] and BN nanotubes [233-236]. 
Wu et al.,[233] demonstrated that the functionalization of boron nitride nanotubes 
(BNNTs) with NH3 occurs on defect sites where the sidewall B atom is slightly pulled 
out of the surface and thus elongated. This structural deformation is attributed to the 
change of the local hybridization of the B atom from sp2 to sp3. A similar mechanism 
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was reported by Sainsburry et al.,[232] who demonstrated the oxygen radical 
functionalization of micrometer-size hBN nanosheets. The oxygen radical attacks the 
B atom and concomitant cleavage in the in-plane B-N bond occurs, leading to the 
formation of defects in the form of electron-deficient B atoms. The defects are further 
covalently functionalized with polymers (polyvinyl alcohol, PVA). 
 
Figure 4-5. Overview and high resolution XPS spectra of PDMAEMA (A) and PMMA 
(B) grafted on hBN. (C) The proposed binding mechanism of (a) PMMA-g-hBN and 
(b) PS-, P4VP-, and PDMAEMA-g-hBN. (c) General mechanism of the SIPGP. 
 
To further confirm the stability of the covalent binding of the polymer brushes to the 
hBN, the Soxhlet extraction experiments were performed for all polymer brush systems. 
As seen in Figure 6-6a and b, for PS brushes grafted on SL-hBN, no significant 
changes observed after 80 cycles and the thickness are the same, while for physisorbed 
PS on SL-hBN, the layer was completely washed away even after 10 cycles. The same 
results are obtained for P4VP (Figure 6-6c), PDMAEMA (Figure 6-6d) and PMMA 
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(Figure 6-6e). These results clearly indicate that the stable covalent binding between 
the brushes and SL-hBN is formed during the SIPGP. 
 
Figure 4-6. Soxhlet extraction of grafted PS (a), adsorbed PS (b), grafted P4VP (c), 
grafted PDMAEMA (d), and grafted PMMA (e) on SL-hBN, respectively. 
 
The chemical functionalization of SL-hBN as described above significantly broadens 
the applicability of hBN based materials for device fabrication. However, an additional 
possibility to introduce defined heterogeneities into the polymer brush layers such as 
patterns, brush gradients, and multilayered brushes is desirable for advanced 
technologies.[237-240] Since the SIPGP is a photografting reaction, the preparation of 
micropatterned brushes is trivial and realizable with a photomask (Figure 4-7). This 
direct patterning results in chemically heterogeneous surfaces containing the native 
hBN and the polymer brush. With SIPGP patterned polymer brushes can also be 
generated from surfaces with areas of different probability of surface group 
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abstraction[131, 221]. This will result in polymer brushes covering the entire hBN surface 
but with different brush thicknesses. 
 
Figure 4-7. Direct photopatterned PDMAEMA brushes on SL-hBN (tSIPGP = 2 h). a) 
Schematic illustration of direct photopatterning. b) Optical micrographs of entire 
patterned PDMAEMA brushes on SL-hBN on Si wafer (upper), and one single 80 x 80 
µm honeycomb pattern of PDMAEMA brush (lower image). c) AFM height image of 
a single honeycomb-patterned PDMAEMA brush and its corresponding height profile, 
d = 60 nm. 
 
It has been shown that the carbon templating (CT) method is applicable to various 
substrates[241-243] including pristine single-layer graphene and results in polymer brush 
height gradients.[222] The CT uses focused-electron-beam lithography to deposit an 
amorphous carbonaceous layer as a function of the locally applied electron dose. A 
consecutive SIPGP amplifies the carbonaceous layer into a polymer brush at the 
irradiated locus and of a brush height that is a direct function of the electron dose 
applied. The CT allows the preparation of nano- and micropatterned brushes, brush 
gradients, and even three-dimensional polymer structures[135]. Here, CT was used on 
SL-hBN to fabricate gradient (Figure 4-8a and b) and micropatterned polymer brush 
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arrays (Figure 4-8c and d). A defined polymer brush gradient on SL-hBN was prepared 
by carbon templating (CT).[135] First, a carbon deposition was formed on the hBN by 
focused e-beam writing varying the local electron dose density linearly from 0 to 100 
mC/cm2 (Figure 4-8a, upper image). The template was then amplified by SIPGP (1 h) 
using DMAEMA as the monomer (Figure 4-8a, lower image). The AFM height image 
(Figure 4-8b) shows that the resulting brush layer thickness was found to be a direct 
function of the locally applied electron dose between 0 mC/cm2 (d = 20 nm, same as 
pristine hBN) and 40 mC/cm2 (d= ~ 140 nm) and then stays constant. Such a 
relationship of the brush thickness and local electron dose is similar to earlier reports 
on other substrates and is explained by the local density of electron beam deposited 
carbon on a respective substrate.[135] CT was also effective to prepare defined 
micropatterned brushes on SL-hBN over larger areas with an electron floodgun 
(electron energy of 100 eV and a dose of 35 mC cm−2) as the source and a stencil mask. 
The consecutive SIPGP step (styrene, tSIPGP=3h) amplified the latent carbon pattern to 
micropatterned PS brushes on SL-hBN with a thickness of d = 30 nm (Figure 4-8c). A 
consecutive SIPGP step (4-vinylpyridine, 4VP, tSIPGP=3h) results in micropatterned PS-
g-P4VP brushes with a thickness of ~300 nm (Figure 4-8d). In both cases, the 
patterning is created because of the preferred grafting on the carbonaceous areas (or 
already grafted polymer) as compared to native hBN, but please note that a thinner 
brush is also formed on the native hBN (approx. d = 6-7 nm for PS and d = 13 nm for 
P4VP). 
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Figure 4-8. (a) Schematic outline of the carbon templating (CT) procedure on SL-hBN. 
AFM height image of (b) the PDMAEMA brush gradient and the corresponding height 
profile, (c) AFM images of patterned PS brushes (30 nm) and (d) PS-g-P4VP (~ 300 
nm – 400 nm) at the very same array of dots of the same sample after a consecutive 
SIPGP step. 
 
One of the main difficulties of large area 2DMs is their handling, especially the transfer 
of the atomically thin 2DM from one to another substrate. Typically, a thin PMMA layer 
is spin-coated onto the 2DM for stabilization, the composite layer is removed from the 
substrate by etching, then transferred onto a desired substrate and finally, the PMMA 
layer is removed before further functionalization of the 2DM. The polymer brushes 
grown on SL-hBN already present a chemical functionalization of the 2DM and 
moreover, the brushes provide mechanical stability of the material for further handling. 
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This is demonstrated by the preparation of freestanding hBN-PS polymer carpets 
(Figure 4-9). A SL-hBN was grafted with PS brushes (tSIPGP = 12 h, d = 30 nm) by 
SIPGP then detached from the Si/SiO2 substrate and then transferred onto a 
transmission electron microscopy (TEM) grid with 40 µm openings for imaging. As 
apparent from the optical micrographs (Figure 4-9a), the 30-nm thin polymer carpet 
could be transferred as a continuous sheet without cracks even by hand. Closer 
inspection reveals the appearance of characteristic wrinkles or buckles[131, 171, 221, 244-246] 
because of the asymmetric carpet morphology and the strain imposed by the brush on 
the rigid 2DM “substrate” (Figure 4-9b). 
 
Figure 4-9. Micrographs of freestanding hBN-PS carpets transferred to a TEM grid of 
honeycomb structure with an opening diameter of approximately 40 µm. In (a) a 
homogeneous layer is shown, while in (b) sheet buckling is visible. 
 
4.1.3 Hydrogen evolution reaction of hBN-polymer composites 
The prepared hBN-polymer composites can be used for various applications[204, 247-252]. 
As a first example, we demonstrate the application of P4VP-g-hBN for electrocatalytic 
water splitting to generate hydrogen, which is a promising clean and renewable energy 
carrier.[253-256] For this, the nickel nanoparticles (NiNPs, 0.1 M) were loaded into the 
P4VP brush similarly to a previously reported method[257, 258]. As evidenced by scanning 
electron microscopy (SEM), TEM, and energy-dispersive X-ray spectroscopy (EDX) 
images in Figure 4-10, the NiNPs were successfully loaded within the P4VP brushes. 
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Figure 4-10. (a) SEM and (b) TEM images of P4VP-g-hBN. (c) EDX spectra of (b). 
(d) SEM and (e) TEM images of NiNPs/P4VP-g-hBN, (f) EDX spectra of (e). 
 
NiNPs can be used as an alternative catalyst for hydrogen evolution reaction (HER) as 
they are much cheaper than other NP catalysts such as platinum or gold. Different hBN 
based samples were prepared for the HER studies. NiNPs deposited directly on native 
SL-hBN (Ni-hBN) and NiNPs embedded in a P4VP brush grafted on hBN with a 
thickness of 10 (Ni-P10) or 100 nm (Ni-P100). The HER measurements were 
performed in 1 M KOH aqueous solution with a three-electrode configuration, using an 
Ag/AgCl electrode and a platinum wire as reference and counter electrodes, 
respectively. The NiNP loaded samples were transferred onto a Ti plate. As seen in 
Figure 4-11a, the prepared samples act as HER catalysts, with a current density 
reaching 10 mA/cm2 at an overpotential of 462 mV for Ni-hBN, 475 mV for Ni-P100, 
and 496 mV for Ni-P10. In Figure 4-11b, Tafel plots of the corresponding polarizations 
are displayed, providing further insights into HER reaction pathways. 
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Figure 4-11. HER electrocatalytic activities of nickel nanoparticles deposited directly 
on hBN (Ni-hBN) or incorporated in the polymer brush of P4VP-g-hBN with 10 nm 
(Ni-P10) or 100 nm (Ni-P100) thickness (1 M KOHaq.). (a) Polarization curves (b) Tafel 
slopes of (1) Ni-hBN, (2) Ni-P10, and (3) Ni-P100. (c) CV stability and (d) 8 h 
operating durability of (3). Inset a panel (a) is a comparison of polarization curves of 
Ni-P100 samples in 1M KOH and 0.5 H2SO4. 
 
These results highlight how the kinetics efficiency of water dissociation is facilitated 
by the catalysts. The Tafel slope recorded is 106 mV per decade for Ni-hBN, 118 mV 
per decade for Ni-P100, and 141 mV per decade for Ni-P10. These results suggest that 
the catalytic activities are in the following order: Ni-hBN > Ni-P100 > Ni-P10. 
However, during the measurements, the Ni-hBN and Ni-P10 layers detached from the 
counter electrodes and were found to be of insufficient stability while the Ni-P100 
remained stable throughout the HER studies. Further stability tests were performed with 
the Ni-P100 samples. After 1000 cyclic voltammetry (CV) cycles in 1 M KOH aqueous 
solution, the overpotential required for a current density of 10 mA/cm2 increased by 
only 10 mV (Figure 4-11c). A durability long term HER process was performed at a 
current density of 10 mA/cm2. As shown in Figure 4-11d, the thick Ni-P100 catalyst 
retained almost steady HER activity with an insignificant increase of 20 mV in the 
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potential observed for hydrogen production over a period of 8 h. Additional HER with 
Ni-P100 performed in 0.5 M H2SO4 aqueous solution (inset Figure 4-11a) revealed a 
lower performance for hydrogen evolution (cathodic current density reached 10 
mA/cm2 at an overpotential of ~ 621 mV) as compared to the catalyst activity in an 
alkaline solution. Because P4VP brushes swell in acidic solution while collapse in 
alkaline solution. When the P4VP brushes collapsed, the NiNPs are more compact 
within the polymer chains than that in swollen state, which will significantly enhance 
charge transfer in the composite film (NiNPs-P4VP-g-hBN). In comparison to similar 
systems (Table 4-2),[259, 260] a very good stability of the nickel-loaded P4VP-g-hBN 
catalyst allows the HER in alkaline as well as in acidic conditions. 
 
Table 4-2. Comparison of HER performance of Ni-NPs-P4VP-g-hBN with some 
representative nickel nanoparticle-based compounds. 
Author Catalyst 
Overpotential 
(mV) at 10 nA/cm2 
Tafel slope 
(nV/decade) 
Electrolyte 
This work Ni-P100 
475  
696 
118 
 
1.0 M KOH 
0.5 M H2SO4 
J. Mater. Chem. A, 
2015, 3, 16435 
Ni-Ar 390 147 1.0 M KOH 
Small 2017, 13, 
1700783 
NiS2N2 696 217 0.5 M H2SO4 
Catal. Sci. Technol., 
2016, 6, 1077-1084 
NiS2 
NiS 
454 
474 
124 
128 
1.0 M KOH 
Nat. commun., 
2017, 8, 15437 
Ni 
nanosheets 
253 129 1.0 M KOH 
Adv. Mater. 2017, 
29, 1605957 
Ni@NC ≥205 ≥160 1.0 M KOH 
Nano energy, 2018, 
44, 7 
Ni(OH)2 204 178 1.0 M KOH 
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In summary, we present the first example of direct functionalization of single layer 
hexagonal boron nitride (hBN) with a broad variety of polymer brushes. The method is 
facile and does not require harsh reaction conditions or aggressive chemicals. The 
formed polymer layer effectively stabilizes hBN monolayers enabling its handling and 
implementation in devices. Furthermore, graded and micropatterned polymer brush 
patterns can be prepared in this way. The implementation hBN with grafted polymer 
brushes as a matrix material for catalytically active nickel nanoparticles demonstrates 
a significantly increase of the catalyst stability during hydrogen evolution reaction 
paving the way toward novel hydride two-dimensional matrix materials for the 
electrocatalytic water splitting. 
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4.2 Directly photografting of polymer brushes on MoS2 
MoS2 is one of the well-known two-dimensional (2D) materials owing to its unique 
structures, a wide range of chemical compositions, and a vast array of unique physical 
properties. However, dispersibility of MoS2 has always been a great challenge and some 
applications of MoS2 are limited due to its own structure. Functionalization of materials 
could facilitate the improvement of dispersibility and allow for the tuning of properties 
of 2D materials. Therefore, in this work, MoS2 was modified with polymer brushes by 
a facile SIPGP method to obtain functional MoS2 materials. 
4.2.1 The preparation of polymer brushes on MoS2 
During the experiment, MoS2 samples were obtained from Prof. Dr. Andrey Turchanin 
group. MoS2 samples were prepared the through Chemical Vapor Deposition. The 
optical microscope image showed the morphology of MoS2, as shown in Figure 4-12. 
We can clearly observe sheet-like MoS2 with size in the range of 3 - 20 μm from the 
optical microscope photograph. 
 
Figure 4-12. The optical photograph of monolayer MoS2 on the Si/SiO2 substrate 
through chemical vapor deposition. 
 
The reaction procedure for the synthesis of functional MoS2 material by using SIPGP 
method as schematically illustrated in Figure 4-13. First, MoS2 on Si/SiO2 substrate 
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was immersed in freshly degassed monomer, and then polymer chains were grafted on 
MoS2 surface via irradiating the substrates under UV light. It can be seen from the 
scheme that the preparation method is simple and only needs one step. 
 
Figure 4-13. Scheme of the preparation of polymer brushes on MoS2 surface. 
 
4.2.2 The characterization of MoS2 and polymer brushes-modified 
MoS2 
AFM was performed to determine the surface thickness of the samples. As shown in 
Figure 4-14, PMMA as the model polymer, AFM images and the corresponding height 
analysis reveal a typical topographic height of 2 nm for MoS2 samples and 12 nm for 
MoS2 with PMMA. This result determines that the thickness of PMMA layer is around 
10 nm. In addition, AFM was also performed to determine the surface roughness of the 
samples. As shown in Figure 4-14a, an as-grafted MoS2 monolayer has a root-mean-
square (rms) surface roughness of 0.08 nm as revealed by AFM. However, for MoS2 
with PMMA, which has the rougher morphology as revealed by AFM (Figure 4-14b), 
a surface roughness of 0.46 nm was found, higher than that of MoS2. Changes in the 
roughness of the surface may be the reason of the change in contact angle. The change 
in surface morphology before and after SIPGP indicates the successful grafting of the 
polymer brushes on MoS2 surface. 
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Figure 4-14. AFM height scan image of MoS2 before (a) and after (b) SIPGP with 
PMMA. 
 
The XPS analysis (Figure 4-15) shows the presence of Mo, S, Si, O, and C. The peaks 
at 284 and 530.9 eV could be assigned to the C 1s and O 1s from PMMA (Figure 4-
15a). The C 1s peak (Figure 4-15c) can be deconvoluted into three components at 284, 
286, and 288 eV corresponding to the C-C, C-O, and O-C=O, respectively. The sample 
surface contains (oxygen excluded because it is also found in the substrate) ~96 % 
carbon, ~1% molybdenum, and ~2% sulfur. The carbon species has ~14at% -COO and 
~12at% C-O species, which indicates the presence of PMMA. Interestingly, Zhang et 
al. reported that PMMA brushes can be formed on MoS2 because the generation of C-
S bond between PMMA and substrate during the grafting polymerization.[261] However, 
in our work, our XPS measurement didn’t detect the C-S signal, which is not agreement 
with the Zhang’s paper. According to the polymerization mechanism of SIPGP, we 
suspect that the formation of polymer brushes on the MoS2 surface is probably because 
of the grafting polymerization on these defects, which needs to further confirm the 
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formation of polymer brushes and gain insight into the grafting reaction. 
 
Figure 4-15. (a) XPS spectra of PMMA grafted on MoS2 on Si/SiO2, (b) Si2p spectra, 
(c) C1s spectra, (d) O1s spectra, (e) Mo3d and S2s spectra, and (f) Si2s and S2p spectra. 
 
To gain insight into the structural and surface information of products, the MoS2 and 
modified MoS2 with polymer brushes were characterized by contact angle, TGA, FTIR 
spectra, and Raman spectra, as shown in Figure 4-16. Figure 4-16a shows water static 
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contact angle on MoS2 and MoS2 with polymer brushes, before and after polymerization 
to obtain information on the wettability of the samples. Before polymer grafting, MoS2 
has a contact angle of 55°, interestingly, after polymerization with MMA for 6 h, the 
surface of functional MoS2 with PMMA becomes hydrophobic with a contact angle = 
80°, higher than that of an as-grafted MoS2. This may be attributed to the 
hydrophobicity of PMMA and it is good agreement with the literature.[165] For 
PDMAEMA, a contact angle of 69° was found, which is in agreement with the 
literature.[100] For P4VP, PS, and PMETAC, the water contact angles are 66°, 88°, and 
< 10°, respectively. The change in wettability before and after SIPGP indicates the 
successful grafting of the polymer brushes on MoS2. Furthermore, to further prove the 
content of polymer brushes on the surface of MoS2, TGA and FTIR spectra were 
performed as an additional confirmation to prove the success of grafting of polymer 
brushes on MoS2, as discussed in the Figure 4-16b and 4-16c. Due to the small amount 
of MoS2 sheets on the Si/SiO2 substrate and they are not easily obtained, MoS2 powders 
are modified with different polymer brushes to perform TGA. All of the samples were 
exhaustively purified prior to characterization. The content of polymer brushes on the 
surface of MoS2 was determined by TGA as shown in Figure 4-16b. The MoS2 shows 
very low weight loss (about 0.83 wt%) between 150-1000°C, presumably due to the 
presence of residual water resulted from air. The different polymer brushes on the 
surface of MoS2 show the different weight loss between 150-1000°C. For PMMA, 
PMETAC, P4VP, PDMAEMA, and PS, the weight loss is 2.12, 3.31, 7.36, 14.63, and 
23.51 wt%, respectively, suggesting that the polymer brushes have been successfully 
anchored onto the surface of MoS2. The amount of polymer grafting depends on the 
reaction time and the type of monomer. Such high grafting content can offer a favorable 
platform for further chemical modification. The attached polymer brushes were also 
elucidated by FTIR. As can be seen in Figure 4-16c, all of the functionalized MoS2 
samples show obvious absorption bands at corresponding peak position as compared 
with MoS2. For PMMA, the presence of grafted PMMA on the MoS2 surface can 
unambiguously be seen. The FTIR spectra show two neighboring bands centered at 
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2965 and 2925 and 2850 cm-1, which can be attributed to CH, CH2, and CH3 stretching 
vibrations and a strong absorption band at 1730 cm-1 to the C=O valence vibration. 
Furthermore, in the IR spectra CHn deformation bands can be detected at 1430 cm
-1 
(which superpose with the reference however), and two broad, partly superposed 
absorption bands at 1615 and 1167 cm-1 of the C-O stretching vibration of the ester 
moiety. For PMETAC, the peaks at 1265 cm-1 (C-N stretching) demonstrated the 
successful grafting of the PMETAC. For P4VP, the bands at 1596 and 1556 cm-1 are 
due to quadrant stretching of the pyridine rings of P4VP, while those at 1492 and 1413 
cm-1 are associated with semicircle stretching of the pyridine rings of P4VP. The 
asymmetric stretching vibrational modes of CH2 groups in the vinyl main chains appear 
at 2925 cm-1 for P4VP, while the symmetric stretching vibrational modes of CH2 in the 
vinyl main chain appear at 2856 cm-1 for P4VP.[262] For PDMAEMA, the peaks at 2800 
and 2780 cm-1 could be attributed to the C-H stretching vibration of the N-CH3 groups 
of PDMAEMA, indicating the successful introduction of PDMAEMA in MoS2.
[5] For 
PS, the absorption between 2800 cm-1 and 3000 cm-1 are the asymmetric and symmetric 
stretching vibrations of -CH2. The bands at 1601 cm
-1, 1493 cm-1, 1452 cm-1 can be 
assigned to the vibration of the benzene ring. The Raman scattering spectra of MoS2 
and modified MoS2 with polymer brushes are shown in Figure 4-16d. The MoS2 signal 
(principal peaks at 383 and 408 cm-1) is clearly observed even for modified MoS2 with 
polymer brushes. This result demonstrated that the structure of MoS2 don’t be damaged 
by modified polymer brushes. 
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Figure 4-16. (a) Contact angles, (b) TGA, (c) FTIR spectra, and (d) Raman spectra of 
MoS2 powders with and without polymer brushes. 
 
To further observe the surface morphology of MoS2 and modified MoS2 with polymer 
brushes, MoS2 particles are used to grow the polymer brushes and SEM images are 
shown in Figure 4-17. Compared with MoS2, it is clearly observed that the surface of 
polymer modified MoS2 has a thin polymer graft coating. The more the grafted amount 
of polymer, the more the polymer coating on the MoS2 surface can be easily observed, 
which is consistent with TGA values. 
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Figure 4-17. SEM images of MoS2 and modified MoS2 with polymer brushes: (a) MoS2, 
(b) PMMA, (c) PMETAC, (d) P4VP, (e) PDMAEMA, and (f) PS. 
 
Energy-dispersive X-ray spectrometer (EDX) results are shown in Figure 4-18, which 
reveals that different elements contained in the MoS2 and modified MoS2 with polymer 
brushes are observed. MoS2, except Mo and S elements, also contains other elements 
(C, O, and Si) from the substrate; for the polymer brushes-modified MoS2, different 
elements types and element content from different polymer brushes could be obtained, 
and the peak intensities of the same elements in different samples are different due to 
the different grafting amount of polymer brushes. This characterization also 
demonstrated that polymer brushes were grafted successfully on the MoS2. 
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Figure 4-18. EDX spectra (inset shows the stoichiometry) of MoS2 and modified MoS2 
with polymer brushes: (a) MoS2, (b) PMMA, (c) PMETAC, (d) P4VP, (e) PDMAEMA, 
and (f) PS. 
 
For polymer brushes growth, height dependency on polymerization time was 
investigated. To better observe the polymer brushes growth, MoS2 particles were used 
and the different grafting behavior for PDMAEMA were performed under different 
polymerization time. As shown in Figure 4-19a, weight loss of PDMAEMA under 
different polymerization times was measured by TGA. A linear relationship between 
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the amount of grafting and polymerization time with a high growth rate 11.27 nm h-1 is 
observed (Figure 4-19b). Due to similar wettability of MoS2 and DMAEMA, the 
molecules of DMAEMA monomer can probably diffuse into the MoS2 powder and the 
polymerization starts not only on the surface, but also within the layer. This leads to a 
linear relationship between polymerization time and brush thickness. 
 
Figure 4-19. (a) TGA curves of PDMAEMA under different polymerization time, (b) 
weight loss evolution of polymer brushes grafted on MoS2 as function of 
polymerization time for a PDMAEMA. 
 
4.2.3 The dispersibility of MoS2 and modified MoS2 with polymer 
brushes 
Nowadays, various physical and chemical approaches have been developed to prepare 
surface functionalized MoS2. However, among them, which suffer from a drawback is 
that these methods obtained functionalized MoS2 exhibit poor dispersibility in water or 
need more preparation steps. In this work, the dispersion of functionalized MoS2 has 
also been investigated. MoS2 and PDMAEMA samples were suspended in H2O at the 
same concentration of 3 mg mL-1 at room temperature. As shown in Figure 4-20, 
unmodified MoS2 precipitates at the bottom of the vials, while PDMAEMA-modified 
MoS2 shows good dispersion in various solvents even after being immersed more than 
one week. This demonstrates that the effects of the polymer modification on the MoS2 
surface and the improved stability in suspension. 
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Figure 4-20. PDMAEMA grafted MoS2 and MoS2 in H2O after one week. The 
concentration of PDMAEMA grafted MoS2 and MoS2 in solvent are both 3 mg/mL. 
 
In summary, we have demonstrated a facile and versatile methodology toward directly 
surface functionalized MoS2 samples. It is determined that different polymer brushes 
can be prepared successfully on MoS2 surface via SIPGP. SIPGP offers simplicity, since 
no initiator is needed and tedious multistep polymerizations such as surface-initiated 
pretreatment can be avoided. Meanwhile, functional MoS2 showed good dispersibility 
in H2O. From the application perspective, the presence of functional groups paves the 
way for attachment of functional molecules and nanoparticles to meet specific demand. 
In addition, this approach can be extended to prepare other 2D materials. This study 
thus provides enormous opportunities to prepare functional other 2D materials for 
various applications. We hope these results add a new method for the preparation of 
functional 2D materials and may improve the optical, electronic and chemical 
properties of 2D materials. 
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4.3 Functionalization of graphitic carbon nitride (gCN) with 
polymer brushes 
4.3.1 The preparation of polymer brushes on gCN 
Graphitic carbon nitride (gCN) was first prepared through polycondensation of 
melamine as reported previously.[263] Next, gCN was immersed into monomer solution. 
The surface-initiated polymerization of vinyl monomers by SIPGP was performed by 
irradiation of gCN in degassed bulk monomer with UV light (W = ~ 8 mW/cm2, λmax = 
365 nm). During the UV-induced photografting reaction process, an H-terminated 
surface is required to facilitate a radical mechanism.[136] Various researchers proved the 
success of grafting polymer brushes on H-terminated substrates.[139, 167, 264] The terminal 
amino function is the most effective surface function for the SIPGP because of the low 
dissociation energy of the N-H bond.[142, 177] NH/NH2 groups evidently exist in gCN as 
shown by theoretical calculations and experimental observations.[265] Hydrogen atoms 
from these groups can be abstracted to start a free radical surface-initiated 
polymerization leading to the formation of polymer brushes.[136, 266] 
Figure 4-21 shows schematic illustration for the preparation of gCN-polymer 
composites. To demonstrate the feasibility and generality of the method, the grafting of 
various polymer brushes on gCN was performed and characterized, such as poly(N, N-
dimethylaminoethyl methacrylate) (PDMAEMA), poly(3-sulfopropyl methacrylate) 
(PSPMA), poly(2-(metha-cryloyloxy)ethyl trimethylammonium chloride) (PMETAC), 
poly(N-iso-propylacrylamide) (PNIPAm), poly(methylmethacrylate) (PMMA), and 
poly(styrene) (PS). Besides polymer brushes on gCN particles (Figure 4-21, top), 
polymer brushes on spin-coated gCN film (Figure 4-21, middle), and micro contact 
printing (µCP) gCN patterns (Figure 4-21, bottom) were also prepared to give a robust 
demonstration of successful grafting. 
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Figure 4-21. Schematic illustration of the preparation of polymer brushes on gCN 
particles, spin-coating gCN film, and microcontact printing gCN patterns. 
 
4.3.2 The characterization of gCN and polymer brushes-modified gCN 
The pristine and polymer-modified gCN were characterized by TGA, XPS, X-ray 
powder diffraction (XRD), and FTIR. Prior to all characterizations and performance 
tests, samples were washed rigorously several times with good solvents for each 
polymer brush, to ensure the complete removal of ungrafted monomers and untethered 
polymers. TGA was first conducted to calculate the weight ratios of polymer brushes 
grafted on gCN (Figure 4-22a and Table 4-3). For pristine gCN, decomposition begins 
at 550°C and almost finishes at around 750°C, while polymer brushes functionalized 
gCN show some weight loss between 200°C and 500°C due to the decomposition of 
the grafted polymer brushes. For instance, PDMAEMA-grafted-gCN (PDMAEMA-g-
gCN) clearly exhibits a two-stage weight loss (between 200°C and 500°C).[5] The TGA 
results confirm that the polymer induced by surface functionalization was covalently 
attached to the gCN rather than physically adsorbed. The amount of the grafted polymer 
brushes on gCN depends on the type of monomer and polymerization time. XPS 
measurements were conducted to further confirm the success of polymer grafting on 
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gCN. Figure 4-22b shows a small but characteristic oxygen peak in the XPS survey 
spectrum of gCN (black curve), which indicates that the gCN absorbs a small amount 
of water from air exposure. Compared to the pristine gCN, the corresponding spectra 
of polymer grafted gCN display the different elemental signals from each functional 
group in polymer brushes. For anionic PSPMA, the presence of the S 2p peak at 168.1 
eV and the significantly increased O 1s peak at 535.9 eV clearly demonstrate the 
successful polymerization of SPMA on gCN. For cationic PMETAC, the success of the 
polymerization is evidenced by the appearance of the Cl 2p peak at 196.5 eV, the weak 
N1s peak at 402.1 eV, and the strong O 1s peak at 532.7 eV observed on the surface of 
PMETAC-g-gCN. For PS-g-gCN, the C 1s peak at 285.2 eV was observed which could 
be due to the high weight ratio of PS in agreement with TGA results. The grafting of 
other polymers, PMMA, PNIPAm, and cationic PDMAEMA on gCN by SIPGP were 
also confirmed by XPS. Figure 4-22c shows that the gCN has the strongest XRD peak 
at 27.7° due to the stacking reflection of the conjugated aromatic system, as in graphite 
materials.[3a] Remarkably enough, after modification, the position of this (002) peak 
shows very slight shifts due to the embedding of polymer, just as we expected, and is 
consistent with the SEM images.  
 
Figure 4-22. (a) TGA curves, (b) XPS spectra, (c) XRD patterns of native gCN and 
polymer brushes modified gCN. 
 
Table 4-3. Weight ratio of polymer brushes. 
Polymer 
brushes 
PSPM
A 
PMETA
C 
PMMA PNIPAm PS PDMAEM
A 
Weight ratio/% 9.16 9.96 18.09 31.26 57.5
8 
66.32 
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In FTIR spectra (Figure 4-23), the chemical structure of the gCN and polymer modified 
gCN was further revealed. In the spectrum of PMMA-g-gCN, the strong absorption 
peak at 1730 cm-1 is probably due to the absorption of carboxylic groups. The 
absorption peaks in the region 2800-3000 cm−1 correspond to the -CH2 and -CH3 groups. 
For the gCN, the broad peaks between 3335 and 3000 cm-1 originating from the N-H 
stretches, confirming NH/NH2 groups existed in the gCN. The peak at 803 cm
−1 is 
attributable to the typical breathing mode of triazine units. The typical peaks at 1226, 
1312, 1390, 1540 and 1629 cm−1 correspond to the stretching vibrations of C-N and 
C=N.[4] 
For PSPMA-g-gCN, the spectrum shows the stretching of carbonyl groups at 1730 cm-
1 and symmetric sulfonate stretching around 1045 cm-1. The absorption peaks in the 
region 2800-3000 cm−1 correspond to the -CH2 and -CH3 groups. For PMETAC-g-gCN, 
the peak at 947 cm−1 is attributed to the quaternary ammonium in PMETAC. The 
absorption peaks in the region 2800-3000 cm−1 correspond to the -CH2 and -CH3 groups. 
For PNIPAm-g-gCN, peaks of the C-H groups (2900-3000 cm-1) indicate the success 
grafting of PNIPAm. For PS-g-gCN, the absorption between 2800 cm-1 and 3000 cm-1 
are the asymmetric and symmetric stretching vibrations of -CH2. For PDMAEMA-g-
gCN, the spectrum shows the stretching of C=O at 1730 cm-1 of PDMAEMA, indicating 
the successful introduction of PDMAEMA in gCN.[5] 
 
Figure 4-23. FTIR spectra of gCN before and after polymerization with various 
polymer brushes. 
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The magnified SEM images (Figure 4-24) show the surface morphology of gCN before 
and after the grafting of polymer brushes. Figure 4-24a shows uneven size of gCN 
nanoparticles. Figure 4-24 (b-g) show that the morphology of gCN slightly changed 
after polymer modification, which indicates that the structure of gCN was not damaged 
by polymer modification. Compared with gCN, it is clearly visible that the surface of 
polymer modified gCN has a thin polymer graft coating. The more the grafted amount 
of polymer, the easier it is to observe the polymer coating on the gCN surface, which is 
consistent with TGA values. Combining the results from SEM and FTIR spectra, 
verifies that various types of polymers were successfully grafted onto gCN. 
 
Figure 4-24. SEM images of gCN and polymer modified gCN: (a) gCN, (b) PSPMA-
g-gCN, (c) PMMA-g-gCN, (d) PNIPAm-g-gCN, (e) PS-g-gCN, (f) PDMAEMA-g-
gCN, and (g) PMETAC-g-gCN. 
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Moreover, the optical properties of gCN and polymer-modified gCN were determined 
by UV-vis absorption spectroscopy (Figure 4-25). Compared to the absorption edge of 
the pristine gCN, the bandgap of polymer-modified gCN changes only slightly (Table 
4-4), which confirms that the physical properties did not change by surface 
functionalization. This result encourages the application of functionalized gCN in 
chemical sensors and biosensors. 
 
Figure 4-25. UV-vis absorption spectrum of gCN and polymer brush modified gCN. 
 
Table 4-4. Band gap energy of gCN and polymer modified gCN. 
 gCN PSPMA PMETAC PMMA PNIPAm PS PDMAEMA 
Results and discussion 
72 
 
λ [nm] 457.58 454.37 455.92 457.47 456.91 456.42 457.97 
Band 
gap 
energy 
[eV] a) 
 
2.71 
 
2.73 
 
2.72 
 
2.71 
 
2.71 
 
2.72 
 
2.71 
a)Band gap energy (E) = h*c/λ. h = Planks constant = 6.626 × 10-34 J s, c = speed of 
light = 3.0 × 108 m/s, λ = cut-off wavelength, 1eV = 1.6×10-19 J (Conversion factor). 
 
Up to now, dispersion of gCN in any solvent remains one of the biggest challenges to 
its potential applications. Some reports have shown that gCN can be dispersed in water 
or other organic solvents by extensive sonication,[7, 267] but this comes at the cost of 
long processing time and destruction of sample’s structure. In this work, the 
dispersibility of gCN was also investigated. Unmodified (native) gCN and 
PDMAEMA-g-gCN were suspended in various solvents (H2O, ethanol, and THF) at 
the same concentration of 3 mg mL-1 at room temperature. As shown in Figure 4-26, 
the pristine gCN precipitates at the bottom of the vials, while PDMAEMA-g-gCN 
shows good dispersion in various solvents even after three months of immersion. This 
demonstrates the effects of polymer modification on the gCN surface and the improved 
stability in suspension. 
 
Figure 4-26. The dispersibility of gCN (1, 3, 5) and PDMAEMA-g-gCN (2, 4, 6) in 
H2O, ethanol, and THF after 3 months, respectively. The concentration of gCN and 
PDMAEMA-g-gCN in solvent are both 3 mg/mL. 
 
To further explore and demonstrate the surface properties of polymer-modified gCN, a 
spin-coated gCN film was also used to graft polymer brushes. The surface morphology 
and thickness as well as the wettability of the pristine and polymer brushes modified 
gCN were characterized by AFM and water contact angle, respectively. Figure 4-27a 
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shows the AFM images of pristine gCN and after SIPGP with different polymer brushes 
and their corresponding water contact angle. The spin-coated gCN film is 
inhomogeneous due to the non-uniform size of the gCN nanoparticles. However, this 
inhomogeneity does not affect the grafting of polymer brushes on the gCN films. The 
surface roughness (RMS) of gCN is 4.2 nm, whereas the RMS of PS, PSPMA, PMMA, 
PDMAEMA, PMETAC, and PNIPAm are 3.1, 4.3, 6.9, 3.6, 4.0, and 7.7 nm, 
respectively, indicating the change in surface morphology after the polymerization with 
the respective monomer. By utilizing this grafting method, the wettability of gCN can 
be easily tuned employing the above-mentioned polymer brushes with different wetting 
behavior. Contact angle (CA) measurements were performed to characterize the 
wettability of gCN before and after polymer brush modification (Figure 4-27a, lower 
images). The CA of gCN is 43 ± 1° and decreases to < 10° after grafting of METAC 
and SPMA,[167] indicating that the surface has become more hydrophilic. However, after 
grafting of DMAEMA and NIPAm, the CA values increase to 57 ± 1° and 59 ± 1°, 
respectively, showing the surfaces became less hydrophilic. After grafting with PMMA 
and PS, the surfaces became more hydrophobic with the CA values of 71 ± 3° and 94 ± 
2°, respectively.[268] This clearly shows that SIPGP can endow 
hydrophobicity/hydrophilicity to gCN and that the surface properties can be tuned by 
polymer brushes expanding the possibilities for gCN applications. Moreover, the height 
dependency on polymerization time for PDMAEMA was also investigated. Figure 4-
27b shows a linear relationship between the thickness of polymer brushes and 
polymerization time. PDMAEMA has a high growth rate (14.6 nm h-1) on gCN film 
due to similar wettability of gCN and DMAEMA.[165] Furthermore, patterned polymer 
brushes on gCN film can be realized by direct photopatterning using a mask on top of 
a gCN film (Figure 4-27c). The optical images show that polymer brushes are only 
grafted on the areas where the gCN is exposed to UV light and the well-defined 
microstructures confirm the simplicity of the direct patterning and selectivity of 
photopolymerization. 
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Figure 4-27. (a) AFM images and water contact angle of gCN and polymer modified 
gCN. (b) Thickness evolution of polymer brushes grafted on gCN as function of 
polymerization time for PDMAEMA brushes (PDMAEMA as model system). (c) 
Schematic illustration and optical photographs of patterned PDMAEMA brushes on 
spin-coated gCN film. 
 
4.3.3 The micro contact printing of gCN 
Micro contact printing (μCP) is one of the most attractive lithographic tools to prepare 
patterns on substrates.[269] Recently, Chen and co-workers used μCP technology to 
obtain micropatterned graphene oxide (GO) films.[160] Similarly, patterned gCN could 
also be prepared by μCP with further pattern amplification by SIPGP. Figure 4-28 
shows the schematic illustration of preparing polymer brushes on patterned gCN by 
μCP. Poly(dimethylsiloxane) (PDMS) and gCN are used as μCP stamps and as inks, 
respectively. Patterned gCN nanosheets were firstly prepared on Si/SiO2 substrate by 
μCP. Subsequently, PDMAEMA brushes grown on the patterned gCN by SIPGP result 
in a micropatterned polymer brushes. The μCP is unique for providing well-defined 
microarchitectures with high stability even after grafting since gCN micropatterns with 
high-stability can be generated on a SiO2 surface via hydrogen bonding interactions.
[270] 
Optical and AFM images were employed to compare gCN and polymer modified gCN. 
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Figure 4-28 shows high-quality line-shaped gCN arrays of 10 μm wide and 15 nm 
thicknesses. The enlarged AFM images also show the same patterns as the optical 
images. The μCP can extend the potential applications of gCN such as studies of protein 
absorption and cell attachment. 
 
Figure 4-28. Schematic illustration, optical photographs and AFM images of preparing 
polymer brushes on gCN surfaces by microcontact printing. 
 
4.3.4 The properties of gCN and polymer brushes-modified gCN 
Surface-enhanced Raman spectroscopy is a highly sensitive analytical tool to detect 
organic molecules with extraordinary sensitivity down to single-molecule detection.[271] 
To further demonstrate the potential application of polymer-functionalized gCN, SERS-
active sensing substrates were fabricated by immobilizing silver nanoparticles (AgNPs) 
on PDMAEMA-g-gCN. Figure 4-29a shows the schematic illustration of the 
AgNPs/PDMAEMA-g-gCN fabrication. PDMAEMA brushes were first grafted on 
gCN layer through SIPGP. Subsequently, AgNPs were immobilized within the 
PDMAEMA brushes by reduction of coordinated Ag+ in an aqueous NaBH4 solution. 
Contact angle measurement, XRD analysis, and SEM confirmed the presence of AgNPs 
within the PDMAEMA brushes (Figure 4-29 b-g). Figure 4-29b shows the CA of 
PDMAEMA-g-gCN brushes and AgNPs/PDMAEMA-g-gCN is 57 ± 1° and 78 ± 2°, 
respectively. The rise in CA can be related to the increase in brush surface roughness 
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due to the presence of AgNPs.[2, 137] XRD patterns in Figure 4-29c confirms the 
crystalline structure of AgNPs,[10] as a consequence of the successful AgNPs synthesis 
with an average AgNPs size about 10 nm (Figure 4-29f). Figure 4-29g shows the 
homogenous distribution of Ag confirming the uniform immobilization of AgNPs on 
PDMAEMA brushes. 
 
Figure 4-29. (a) Schematic illustration of the fabrication of PDMAEMA-g-gCN by 
SIPGP and subsequent immobilization of AgNPs on PDMAEMA-g-gCN. (b) Contact 
angles and (c) XRD spectra of PDMAEMA-g-gCN and AgNPs/PDMAEMA-g-gCN. 
(d) SERS spectra of 10-6 M Rh6G on native, PDMAEMA-g-gCN, and 
AgNPs/PDMAEMA-g-gCN. SEM images of PDMAEMA brushes grafted on gCN 
substrate, (a) before and (b) after incorporation of AgNPs. (c) The corresponding map 
of Ag element distribution in (b). 
 
The SERS properties of AgNPs/PDMAEMA-g-gCN were evaluated by measuring the 
SERS spectra of Rhodamine 6G (Rh6G) (Figure 4-29d). Rh6G is commonly used as a 
Raman probe in SERS because this dye has a large Raman cross-section which 
generates a strong SERS signal. To clearly evaluate the SERS enhancement of the 
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samples, native gCN, PDMAEMA-g-gCN, and AgNPs/PDMAEMA-g-gCN layer 
substrates were first immersed in a 1×10-6 M Rh6G ethanol solution for 2 h, 
subsequently rinsed with ethanol and dried under nitrogen flow. The 
AgNPs/PDMAEMA-g-gCN exhibits an outstanding SERS signal, whereas no distinct 
Raman spectra signals are detected for native gCN and PDMAEMA-g-gCN.  
The SERS spectra of Rh6G with different concentrations from 10-6 to 10-9 M are shown 
in Figure 4-30. The bands at around 616 cm-1 (C-C-C in-plane bending vibration), 778 
cm-1 (C-H out of-plane bending vibration), 1184 cm-1 (aromatic C-H bend mode), 1312 
cm-1 (C-O-C stretching), and the C-C stretching modes of Rh6G at 1364, 1511, 1574, 
and 1649 cm-1 are clearly observed.[1, 11] As the concentration of Rh6G decreases, 
consequently, the SERS intensities of Rh6G at 1649 cm-1 also decrease. Despite this 
decrease, even when the concentration of Rh6G reaches 10-8 M, the Raman signal of 
the dye molecule is still clearly detectable. This decrease in SERS signal is due to the 
decrease in Rh6G concentration resulting in fewer target molecules adsorbed on the 
AgNPs/PDMAEMA-g-gCN.  
 
Figure 4-30. SERS spectra for AgNPs/PDMAEMA-g-gCN probed with different 
concentrations of Rh6G from 10-6 M to 10-9 M in ethanol. 
 
The enhancement factor (EF) was calculated according to the following equation:[8] 
 
SERS0
0SERS
EF
CI
CI
=          (1) 
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where ISERS and CSERS are the intensity of Raman band at 1649 cm
-1 and the 
concentration of Rh6G under SERS, respectively, C0 is the concentration Rh6G and I0 
is the intensity of Raman band at 1649 cm-1 under normal Raman conditions (Figure 
4-31). According to Equation (1), the EF was calculated to be 2.4×107, indicating the 
AgNPs/PDMAEMA-g-gCN hybrid materials can work effectively as SERS active 
layer for sensing applications. 
 
Figure 4-31. Raman spectrum of Rh6G in water (1×10-1 M). 
 
To further demonstrate the applicability of our hybrid AgNPs/PDMAEMA-g-gCN, and 
motivated by the widespread investigation of gCN as a visible light-driven 
photocatalyst[272-274], we performed a typical photocatalytic degradation experiment 
under visible light irradiation. For this purpose, photocatalytic degradation performance 
of Rh6G from Rh6G/AgNPs/PDMAEMA-g-gCN substrates under irradiation of visible 
light (RPR-4190A lamp) was investigated. The intensity of Rh6G decreased sharply 
after 1 h and vanished after 5 h of irradiation (Figure 4-32a), indicating the complete 
decomposition of Rh6G in the AgNPs/PDMAEMA-g-gCN substrates while preserving 
its photocatalytic functionality. To clearly visualize this photodegradation performance, 
the Rh6G SERS peak intensity at 1649 cm-1 was plotted against the irradiation time 
(Figure 4-32b). This inspired us to study the reusability and stability of 
AgNPs/PDMAEMA-g-gCN. The sequential SERS and photodegradation were 
conducted. As shown in Figure 4-32c, the AgNPs/PDMAEMA-g-gCN sample show 
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almost same SERS intensity and relatively high photodegradation activity for five 
recycle times. The XRD patterns of AgNPs/PDMAEMA-g-gCN sample before and 
after five reuse times show no changes (Figure 4-32d), which demonstrates the good 
stability and the recyclability of the AgNPs/PDMAEMA-g-gCN. AgNPs/PDMAEMA-
g-gCN can be exploited as SERS active layer to in situ monitor degradation of 
pollutants or pharmaceutical waste. 
 
Figure 4-32. (a) The Raman spectra of Rh6G on AgNPs/PDMAEMA-g-gCN under 
visible light irradiation from 0 to 5 h to observe the photocatalytic degradation of Rh6G. 
(b) SERS intensity plot for the band at 1649 cm-1 vs. time without and with visible light 
irradiation to completely remove the Rh6G from AgNPs/PDMAEMA-g-gCN layer. (c) 
The SERS intensities at 1649 cm-1 for visible light-assisted degradation of 10-6 M Rh6G 
on AgNPs/PDMAEMA-g-gCN for repeatable usage up to five times. (d) XRD patterns 
of AgNPs/PDMAEMA-g-gCN before and after five reuse times under visible light 
irradiation. 
 
In summary, we present a facile way to direct covalently bind various polymer brushes 
on gCN via SIPGP. The results indicate that SIPGP does not damage or alter the original 
structure of gCN. The polymer brush grafted gCN exhibits a well-improved 
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dispersibility in various solvents. Patterned polymer brush on gCN can also be easily 
realized by employing μCP. The AgNPs/PDMAEMA-g-gCN shows strong SERS 
enhancement with a surface enhancement factor of 2.1×106 for the detection of Rh6G 
dye. Moreover, the complete removal of Rh6G via photocatalytic degradation process 
on AgNPs/PDMAEMA-g-gCN under irradiation of visible light exhibits the stability 
and good photocatalytic activity of the polymer brushes grafted gCN. These results 
demonstrate that the polymer brush grafted gCN can act as a recyclable active sensing 
layer for consecutive cycles of SERS and photocatalytic degradation processes which 
can be applied to in situ monitor pollutants, such as dyes or pharmaceutical wastes, with 
high sensitivity as well as wastewater remediation. Therefore, SIPGP provides a 
powerful new set of tools for covalent functionalization of gCN and may enable new 
applications in the field of catalysis, biosensors, and most interestingly, environmental 
remediation. 
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4.4 Polymer brushes on 2D freestanding alkyl-polydopamine 
(alkyl-PDA) Janus nanosheets 
To directly obtain the functional 2D materials, based on the chemical and mechanical 
stability of polydopamine (PDA),[275] as well as the assembly feature of octadecylamine 
(ODA), here we report a facile approach to fabricate Janus nanosheets with precise 
thickness control by polymerizing dopamine (DA) in the ethanol/H2O solution 
containing ODA as a template. The alkyl-PDA nanosheets show amphiphilic nature 
with hydrophilic PDA and hydrophobic alkyl chains at both sides. The nanosheets can 
be used to functionalize many substrates and the functionality is highly depending on 
the configuration of the nanosheets on the surface. Post-modification of the nanosheets 
can be easily achieved due to the reactive nature of PDA. 
4.4.1 The synthesis of 2D freestanding alkyl-polydopamine Janus 
nanosheets 
The preparation of Janus nanosheets with asymmetric surface chemistry are outlined in 
Figure 4-33. The synthesis process involved three key steps: (1) formation of reactive 
ODA bilayer, (2) interaction between DA and ODA bilayer and, (3) polymerization of 
DA following the ODA template. The reaction started by forming the lamellae with a 
bilayer structure via self-assembly of ODA in ethanol/H2O at room temperature,
[276, 277] 
with the thickness around 5 nm which can be observed from the atomic force 
microscopy (AFM) image and the corresponding height profile (Figure 4-33, top right). 
Then dopamine was added and a new bilayer of ODA and DA formed with the thickness 
of about 5.5 nm (Figure 4-33, middle), through the Schiff base reaction.[275, 278, 279]  
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Figure 4-33. Scheme of the Janus alkyl-PDA nanosheets formation (left) and the 
morphology of the corresponding product for each step (right, AFM image). The 
nanosheets formation started from the reaction between the dopamine and self-
assembled ODA bilayer in EtOH/H2O and followed by the polymerization of the 
dopamine following ODA template (pH 8.5). 
 
4.4.2 The characterization of 2D freestanding alkyl-polydopamine 
Janus nanosheets 
Compared with the 1H NMR spectra of DA (Figure 4-34a, black) and the reported 
data[280], as well as ODA (Figure 4-34a, green), a new peak (m 4.3 ppm), the shifted 
peaks (c’ and k’) and the disappearance of the peak (l) from the 1H NMR spectra 
indicated the Schiff base reaction occurred between DA and ODA (Figure 4-34a, red). 
Together with MALDI-TOF MS (Figure 4-34b), a possible molecular structure of 
alkyl-DA was brought up (Figure 4-33). After the pH was adjusted to 8.5, the oxidized 
quinone form of catechol underwent reactions with quinone itself and amine (ODA), 
Results and discussion 
83 
 
which were evidenced by the new peak (m’) from the 1H NMR spectra (Figure 4-34a, 
blue), promoting the formation of freestanding Janus nanosheets with a single layer 
thickness of 3 nm and microscale meters in length (Figure 4-33, bottom). 
 
Figure 4-34. Characterization of Janus alkyl-PDA nanosheets. (a) 1H NMR spectra of 
DA, ODA, Alkyl-DA, and Alkyl-PDA. (b) MALDI-TOF MS spectrum of the Alkyl-
DA. 
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Figure 4-35a shows the FTIR spectra of DA, ODA, alkyl-DA, PDA and alkyl-PDA. 
Compared with the spectra of DA and PDA, both alkyl-DA and alkyl-PDA showed a 
peak around 2915 and 2852 cm-1 which was attributed to C-H stretching vibrations of 
methylene of ODA. The morphology of the alkyl-PDA nanosheets was analyzed by 
SEM and TEM (Figure 4-35b). A homogeneous nanosheet with smooth surface was 
observed, and the overlapped nanosheets were also observed in TEM image due to the 
stack of the nanosheets during the sample preparation (Figure 4-35b, inset). If 
dopamine polymerized under the same condition but without ODA, no nanosheets but 
PDA particles were observed in solution, confirmed the crosslinking reaction between 
the amine and catechol groups is essential for the nanosheet formation. We 
hypothesized that the crosslinking reaction of ODA chains and DA or PDA via Schiff 
base/Michael addition, and cation-π interaction[281] reinforced the assembly, and the 
alkyl chains introduced repulsive forces to balance the 2D assembly formation and the 
prevention of interlayer interactions, which is of pivotal importance for the formation 
of 2D freestanding Janus nanosheets. 
 
Figure 4-35. (a) FTIR spectra of DA, ODA, Alkyl-DA, PDA, and Alkyl-PDA 
nanosheets. (b) SEM image (TEM, inset) of the alkyl-PDA nanosheets. [DA] = 1.0 
mg/mL, [ODA] = 1.86 mM, polymerization time: 24 h. 
 
The effect of the concentration of the dopamine and ODA, as well as the polymerization 
time on the thickness of the alkyl-PDA nanosheets were investigated. Different 
dopamine concentration (0.5, 1, 2, 3, and 4 mg/mL), ODA concentration (1.86, 7.57, 
11.34, 18, 22.71, and 25.75 mM), and polymerization time (6, 12, and 24 h) were 
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chosen. As shown in Figure 4-36, the thickness of the nanosheets increased with the 
concentration of dopamine. 
 
Figure 4-36. SEM (top) and AFM (bottom) images of the Alkyl-PDA Janus nanosheets 
synthesized from the different concentrations of DA. (a) 0.5 mg/mL, (b) 1 mg/mL, (c) 
2 mg/mL, (d) 3 mg/mL, (e) 4 mg/mL. ODA: 1.86 mM. 
 
Different ODA concentration (1.86, 7.57, 11.34, 18, 22.71, and 25.75 mM) were chosen. 
As shown in Figure 4-37, while a sharp increase in thickness was observed when the 
ODA concentration was higher than 18 mM, which might be due to the crosslinking 
reaction between multiple layers and stack of nanosheets during sample preparation. 
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Figure 4-37. SEM (top) and AFM (bottom) images of the Alkyl-PDA Janus nanosheets 
synthesized from the different concentrations of ODA. (a) 1.86 mM, (b) 7.57 mM, (c) 
11.34 mM, (d) 15.1 mM, (e) 18 mM, (f) 22.71 mM, (g) 25.75 mM. DA: 1 mg/mL. 
Thickness of Alkyl-PDA Janus nanosheets with respect to the concentrations of ODA 
(h) and dopamine (i). 
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Different polymerization time (6, 12, and 24 h) were chosen. When the concentration 
of ODA and DA were kept constant, longer polymerization time led to thicker 
nanosheets (Figure 4-38), which was following the typical polymerization kinetics of 
dopamine.[167, 282] 
 
Figure 4-38. SEM (top) and AFM (bottom) images of Alkyl-PDA Janus nanosheets. (a) 
Alkyl-PDA Janus nanosheets after polymerizing for 6 h, (b) 12 h, and (c) 24 h. (d) 
Thickness of Alkyl-PDA Janus nanosheets with respect to the concentrations of 
polymerization time. [ODA] = 1.86 mM, [DA] = 1 mg/mL. 
 
The Janus alkyl-PDA nanosheets show amphiphilic property and hence, can be used for 
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the stabilization of multiphasic mixtures. Fluorescent images show obvious two phases 
labeled with Nile red and FITC and the emulsions with the droplet size ranges of 0.5-4 
μm (Figure 4-39 a-d). When the nanosheets were added into the heptane/brine solution, 
the hydrophilic PDA and hydrophobic alkyl groups (ODA) species self-assembled and 
formed a continuous film at the interface, which faced the internal aqueous and the 
external oil phases, respectively (Figure 4-39e). The amphiphilicity and the orientation 
of the nanosheets have been also confirmed by emulsification of alkyl-PDA in 
paraffin/water at 80 °C. After cooling, the paraffin droplets were covered with the 
nanosheets parallel onto the surface which can be clearly seen from Figure 4-39f. It has 
been reported that the emulsion stabilized by platelet-shaped structures is more stable 
than Janus spheres stabilized emulsion because of the planar configuration of the 
nanosheets and the constrained rotation of planar sheets at an interface.[283] 
 
Figure 4-39. Janus properties of the alkyl-PDA nanosheets. (a) Emulsification of the 
immiscible toluene/water mixture and the mixture is stabilized with the alkyl-PDA 
nanosheets. (b) The optical microscopy image showing the toluene-in-water emulsion. 
Fluorescent images showing the biphasic emulsion, Nile red (c) and FITC (d) were used 
as hydrophobic and hydrophilic dyes, respectively. (e) Self-assembled film of the alkyl-
PDA nanosheets at the brine/heptane interface. (f) SEM images of the Janus nanosheets 
on frozen paraffin droplets. 
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As the alkyl-PDA nanosheets are amphiphilic, the surfaces with nanosheets show either 
hydrophobic or hydrophilic characteristic depending on which functional groups of 
alkyl-PDA are exposing on the surface, for example, films spin-coated with nanosheets 
in water were hydrophilic (CA = 46 ± 1°) with PDA exposed to air, whilst hydrophobic 
films (CA = 148 ± 2°) with the alkyl chains exposed when toluene was used (Figure 4-
40). AFM measurement shows that the height of spin-coated nanosheets from water or 
toluene is about 6 nm, which is twice as thick as a single nanosheet. A favorable double 
layer configuration was formed due to the immiscible nature of alkyl chains in water 
and PDA in toluene (Figure 4-40). The roughness of nanosheets from water (rms = 0.14 
nm) is higher than from toluene (rms = 0.09 nm), which can be attributed to the rough 
PDA side from the self-polymerization of DA and the smooth alkyl chain layer during 
the reaction. 
 
Figure 4-40. Surface modifications with alkyl-PDA nanosheets. Spin-coating of the 
alkyl-PDA nanosheets from different solvents gives different surface hydrophilicity, (a) 
water yields hydrophilic surface (CA = 46 ± 1°, AFM image), and (b) toluene yields 
hydrophobic surface (CA = 148 ± 2°, AFM image). 
 
Furthermore, the alkyl-PDA nanosheets can be used to modify many substrates. As an 
example, one piece of cloth was modified by using the alkyl-PDA nanosheets. When 
the alkyl-PDA nanosheets dispersion flowed through the cloth membrane, alkyl-PDA 
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nanosheets were covalently attached to the surface through catechol chemistry.[284] As 
shown in Figure 4-41a, we can fabricate the hydrophilic cotton cloth hydrophobic, the 
hydrophobic polyether sulfones (PES) hydrophilic, and the surface of cloth is still 
smooth after the modification, which can be seen from the SEM images of cotton and 
PES surfaces before and after modification (Figure 4-41 b-e). 
 
Figure 4-41. (a) Surface modifications of the hydrophilic cotton cloth (upper) and 
hydrophobic PES cloth (lower) with the alkyl-PDA nanosheets. SEM images showing 
the surface of (b) Native cotton cloth. (c) Alkyl-PDA Janus nanosheets modified cotton 
cloth. (d) Native PES cloth. (e) Alkyl-PDA Janus nanosheets modified PES cloth. 
 
The nanosheets are very stable, which was examined by the carbonization of the 
nanosheets at 900 °C for 2 h under argon gas flow. Surprisingly, the thicknesses of the 
carbonized nanosheets remained unchanged (ca. 3 nm), the morphology was also 
retained (Figure 4-42).  
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Figure 4-42. (a) Carbonization of alkyl-PDA Janus nanosheet. Stability test of Alkyl-
PDA Janus nanosheets. Carbonized (900 °C for 2 h under Ar) Alkyl-PDA Janus 
nanosheets: (b) TEM, (c) SEM, and (d, e) AFM. Alkyl-PDA Janus nanosheets with the 
thickness of 3 nm were used, no significant change of the thickness was observed. 
 
4.4.3 The surface modification of 2D freestanding alkyl-polydopamine 
Janus nanosheets 
Some applications may require materials to act as selective carriers for two or more 
independent ingredients. To address the question of whether our Janus nanosheets can 
be selectively modified and function as multicomponent carriers, Fe3O4 nanoparticles 
were loaded to the nanosheets (Figure 4-43a).[285] Figure 4-43b clearly show a coarse 
side because of Fe3O4 loading and a smooth alkyl side which also shows the Janus 
nature of alkyl-PDA. Upon applying a magnetic field to the toluene-in-water emulsion 
of alkyl-PDA-Fe3O4 composites, the emulsion droplets can be easily manipulated by 
an external magnetic field to achieve the oil/water separation (Figure 4-43c).  
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Figure 4-43. (a) Loading of Fe3O4 nanoparticles on the Janus nanosheets. (b) SEM 
image of Alkyl-PDA-Fe3O4 composite. (c) Magnetic manipulation of the emulsion 
stabilized with the Fe3O4 incorporated nanosheets. Toluene-in-water emulsion was 
stabilized by the magnetic nanosheets, and oil/water phase was separated by using a 
magnet, clean water and oil were separated, the magnetic nanosheets can be recycled. 
 
Additionally, thermal responsive poly(N-isopropylacrylamide) (PNIPAM)[168, 286] was 
successfully grafted to the nanosheets through self-initiated photografting and 
photopolymerization (SIPGP) without using any catalyst, the PNIPAM grafted 
nanosheets were becoming immiscible in the water when the temperature increased, 
indicated the biphasic character of the PNIPAM modified nanosheets (Figure 4-44, 
right). For comparison, native Janus alkyl-PDA nanosheets show nonresponsive 
behavior for temperature (Figure 4-44, left). The asymmetric functionalization of the 
nanosheets can further advance the material separation with molecular-level control. 
 
Figure 4-44. Fabrication of PNIPAM on nanosheets surface by SIPGP, the thermo-
responsiveness of the composites before and after modification with PNIPAM was 
tested by switching the temperature between 25 °C and 50 °C, the toluene/water 
emulsion stabilized by the nanosheets separated at 50 °C when both sides of the 
nanosheets are becoming hydrophobic due to the phase transition of the thermo-
responsive PNIPAM, a clear toluene/water interface was observed. 
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In conclusion, a facile method is proposed to prepare polymeric Janus nanosheets by 
polymerizing dopamine with the ODA template. The thickness of the nanosheets can 
be well controlled by the ODA and dopamine concentration as well as the 
polymerization time, nanosheets with single layer thickness were successfully prepared. 
The nanosheets are amphiphilic and show different chemistries and properties of each 
side, which can be used to stabilize the immiscible liquids. Benefiting from the Janus 
property of the alkyl-PDA nanosheets, surface can be selectively modified by choosing 
the functionality for specific purposes on demand. The nanosheets are also presenting 
reactive catechol groups so the post-modifications are possible, which has been 
evidenced by grafting polymer film through photo-grafting, as well as by conjugating 
Fe3O4 nanoparticles selectively onto the PDA side. The crosslinking reaction between 
the dopamine and ODA is a very good model reaction that can find many applications 
in material science or biosciences. 
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4.5 Functionalization of 2D conjugated polymers (2DPs) with 
polymer brushes 
At present, the synthesis of 2DPs mainly rely on the air/water[287, 288] and liquid/liquid 
interface,[289] including photopolymerization,[290] imine Bonds,[291] 
cyclotrimerization,[292] and homocoupling.[293] Although a series of 2DPs have been 
successfully synthesized and widespread used, 2DPs have the low mechanical strength 
to result in the cracks or defects during the using. Therefore, improving the stability of 
2DPs is necessary and desired. Modification is a good way, a facile and efficient 
chemical modification method which can greatly improve their poor processability and 
stability without altering the inherent outstanding chemical and physical properties. Up 
to now, the modified 2DPs with polymer brushes has been not reported. 
4.5.1 The preparation of polymer brushes on 2DPs surface 
In this work, the multifunctional polyimine-based two-dimensional conjugated 
polymers (2DPs) (Figure 4-45) were provided by H. Sahabudeen from Prof. Feng’s 
group.[256]. The targeted 2DPs were synthesized at an air-water interface of a LB trough 
by Schiff-base polycondensation. Then the resulting 2DPs can be readily transferred 
onto 300 nm Si/SiO2 wafers to be modified. 
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Figure 4-45. Synthesis of a 2DP through Schiff-base condensation reaction at an 
interface. (a) Chemical structures of monomers (1, 2 and 3) and 2DPs (4 and 5). (b) 
Cross-sectional view of the molecular structure of a monolayer 2DP (4) suggested by 
DFTB.[256] 
 
Figure 4-46 shows a schematic illustration of the preparation of polymer brushes on 
2DPs surface. First, 2DPs were transferred on Si/SiO2 substrates. Then the 2DPs as a 
functional surface for directly grafting polymer brushes to be used. Recently, many 
authors have reported the utilization of the SIPGP method for directly grafting polymer 
brushes on surfaces without using a catalyst during the polymerization itself.[121, 158] It 
has been demonstrated that by SIPGP, highly robust and well-defined polymer brushes 
can be directly grafted on various surfaces.[167, 294] Frechet and co-workers showed that 
the initiator-free SIPGP method relies on a radical abstraction mechanism during UV 
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irradiation and uses the monomer itself as photosensitizer.[120] As the 2DPs bear amino 
and hydroxyl functional groups, the hydrogen from the amino and hydroxyl groups can 
be abstracted upon UV irradiation, generating radicals that later initiate the 
polymerization. Thus, SIPGP is also a suitable method for grafting polymer brushes on 
2DPs.  
 
Figure 4-46. Scheme of the preparation of polymer brushes on the 2DPs surface. 
 
4.5.2 The characterization of polymer brushes on 2DPs surface 
In Figure 4-47a, an as-grafted 2DPs layer on Si/SiO2 before and after SIPGP with 
different polymer brushes are shown, including poly(4-vinylpyri-dine) (P4VP), poly(3-
sulfopropyl  methacrylate) (PSPMA), poly(ethylene glycol) methyl ether 
methacrylate (POEGMA), poly(2-metha-cryloyloxy ethyl trimethylammonium 
chloride (PMETAC), polystyrene (PS), poly(N-iso-propylacrylamide) (PNIPAM), and 
poly[2-(Methacryloyloxy) ethyldimethyl-(3-sulfo-propyl) ammonium hydroxide] 
(PSBMA). The color differences reveal not only different thicknesses but also different 
polymer grafts. The simplicity of preparing diverse polymer brushes on 2DPs 
demonstrates the easiness and novelty of SIPGP for polymerization. Water static 
contact angle (CA) measurements (Figure 4-47b) were performed on 2DPs with 
polymer brushes, after polymerization to obtain information on the wettability of the 
samples. For P4VP, PSPMA, POEGMA, PMETAC, PS, PNIPAM, and PSBMA the 
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water contact angles are 93.5°, <10°, 61.3°, <10°, 97.1°, 63.5°, and <10°, respectively. 
The change in wettability before and after SIPGP indicates the successful grafting of 
the polymer brushes on 2DPs. 
 
Figure 4-47. (a) The optical photographs of as-grafted 2DPs wafer before and after 
SIPGP with different polymer brushes. (b) Water drop on 2DPs with polymer brushes. 
 
AFM was performed to determine the surface roughness of the samples. As shown in 
Figure 4-48, as-grafted 2DPs layer has a rms surface roughness of 0.03 nm as revealed 
by AFM. Interestingly, after grafting, the morphology of 2DPs with polymer brushes is 
different with as-grafted 2DPs and the surface roughness is changed to 1.83 nm for 
P4VP, 1.57 nm for PSPMA, 0.41 nm for POEGMA, 0.86 nm for PMETAC, 1.46 nm 
for PS, 0.23 nm for PNIPAM, and 0.71 nm for PSBMA, respectively. Roughness 
change of samples can be explained why the contact angle has changed. AFM was 
performed as an additional confirmation to prove the success of grafting of polymer 
brushes on 2DPs. 
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Figure 4-48. AFM height scan image of as-grafted 2DPs wafer before and after SIPGP 
with different polymer brushes. 
 
Ellipsometry measurements (Table 4-5) reveal that the thicknesses of 2DPs-based 
polymer brushes are 103 nm for P4VP, 62 nm for PSPMA, 79 nm for POEGMA, 95 
nm for PMETAC, 43 nm for PS, 47 nm for PNIPAM, and 66 for PSBMA, respectively. 
 
Table 4-5. Determined thickness from fitting on IR ellipsometric spectra (spectral range 
from 2000-2800 cm-1, 65° angle of incidence). 
Polymers P4VP PSPMA POEGMA PMETAC PS PNIPAM PSBMA 
Thickness / 
nm 
103 62 79 85 43 47 66 
 
The synthesized multilayer 2DPs were transferred onto 300 nm Si/SiO2, which gave an 
AFM thickness of ~4 nm (Figure 4-49a). To study the control of polymer thickness, as 
shown in Figure 4-49b, PMETAC was selectively grafted from the 2DPs surface and 
the ex situ kinetic studies of the SIPGP for different UV-irradiation times (0.5-2 h) was 
summarized. The thickness development with the UV-irradiation time was found to be 
initially linear (52 nm h-1) with stagnation for longer irradiation times, which gives the 
direct possibility of modulating the polymer-brush thickness over a wide range. 
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Figure 4-49. (a) AFM image and thickness of 2DPs on Si/SiO2. (b) Ex situ kinetics of 
the thickness of PMETAC as a function of the UV-irradiation time (0.5-2h) on silicon-
supported 2DPs surface, as measured by Ellipsometry. 
 
The synthesis of patterned polymer brushes has been demonstrated using lithography 
(e.g., photo,[295-297] electron-beam,[135, 298] scanning probe,[204, 299] etc.), microcontact 
printing,[300, 301] and diffusion controlled strategies.[112] Patterned polymer brushes on 
various materials can be achieved by direct photopatterning, by placing a mask on the 
top of materials during photografting.[131, 167] METAC is used to realize the patterned 
polymer brushes, while a TEM grid with standard square mesh of 50 µm was used as a 
mask (Figure 4-50b). This one-step patterning is schematically illustrated in Figure 4-
50a, which can create patterns through grafting the polymers from a homogeneously 
covered 2DPs substrate by masking the sunlight irradiation. As shown by the optical 
images and AFM in Figure 4-50c and d, polymer brushes only grafted on the areas 
where the 2DPs was exposed to UV light and the non-irradiated areas were kept intact, 
resulting in patterned polymers. Moreover, according to the different size of 
photomasks, different types of patterned polymer brushes on 2DPs surface can also be 
prepared (Figure 4-50e and f). Thus, this photografting method enables the preparation 
of polymeric brushes with well-defined and spatially confined chemical functionalities. 
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Figure 4-50. (a) Schematic illustration of fabrication of patterned PMETAC polymer 
brushes on 2DPs surface. (b) Optical microscopy images of photomasks used in this 
experiment. (c, d) Optical microscopy images, AFM, and thickness of patterned 
polymer brushes on 2DPs surface. (e, f) Optical microscopy images of patterned 
PMETAC polymer brushes with different size of photomasks on 2DPs surface. 
 
4.5.3 The solvent responsive property of polymer brushes-modified 
2DPs 
The effect of solvent in the 2DPs with P4VP was studied and good/bad solvents can be 
used to sense the solvent quality directly. The results for the different solvents (water 
and ethanol) are given in Figures 4-51. A. Ihsan and coauthors reported that silicon-
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supported P4VP carpets were investigated by AFM in ethanol as a good solvent and 
P4VP film was flat and smoothly attached to the support (rms ¼ 5.1 nm) without any 
buckling.[130] Interesting, in this experiment, the behavior of the 2DPs with P4VP has 
changed due to the addition of the 2DPs and water becomes a good solvent. To directly 
observe the behavior of 2DPs with P4VP in water or ethanol, after polymerization and 
removal of ungrafted polymer, the intermediate layer was dissolved by an aqueous 
hydrofluoric acid (HF) solution. As shown in Figure 4-51, when switching the solvent 
from water to ethanol, the layer readily responds by a spreading/shrinking transition. 
The floating 2DPs with P4VP could be easily transferred onto water surface or ethanol 
surface and clearly seen by our naked eye. And more importantly, we can see that the 
2DPs with P4VP film is spread in water while it is shrinking in ethanol from Figure 4-
51. In ethanol, as a good solvent for P4VP, however, the film displays strong shrinking 
due to the collapse of 2DPs and directly contact with ethanol (solvent-2DPs-polymer), 
while the 2DPs with P4VP film may not be completely shrank due to the stretching of 
P4VP chains and indirect contact with ethanol. Repetitive solvent exchange (3 times) 
of water/ethanol showed that the response of the film by dramatic change of the layer 
morphology was completely reversible without any noticeable defects appearing in the 
supported film. It is noteworthy that also the freestanding polymer film were found to 
be extremely robust against the several cycles in two types of solvent treatments as well 
as physical transferring. By visual inspection, we determined the switching of the 2DPs 
with polymer morphology to be fast (30 s) upon change of the solvent quality. This fast, 
visible, and completely reversible reaction of the polymer film to a (chemical) stimulus 
could be applied for the development of new types of actuators, sensors, or displays. 
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Figure 4-51. P4VP-g-2DPs in different solvent, in water: stretch, in ethanol: shrink. 
 
In summary, we first prepared various polymer brushes on 2DPs surface by direct 
grafting. The functionalized 2DPs with polymer brushes showed that the different 
thickness of polymer brushes can be precisely and easily tuned by varying different 
monomers and polymerization time. In addition, the structured polymer brushes on the 
micrometer and nanometer scale can also be fabricated by the one-step approach. 
Moreover, the freestanding 2DPs with polymer brushes exhibited that the morphology 
of polymer quickly and reversibly responds to solvent quality by shrinking/stretching 
and significant change of their mechanical properties (i.e., optical characteristics and 
wetting). This will further expand the variability and scope of this new class of materials. 
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5 Conclusion 
In this thesis, we describe the functionalization of 2D materials with polymer brushes 
and their related applications, including inorganic 2D materials (hBN, MoS2) and 
organic 2D materials (graphitic carbon nitride, alkyl-PDA, conjugated 2D polymers).  
First, we demonstrate the first example of direct grafting of polymer brushes on large 
area single layer hBN with a variety of vinyl monomers (Figure 5-1). The method is 
facile, catalyst and initiator-free, does not involve harsh reactants or conditions and 
results in homogeneous polymer brush coatings even on large area hBN. Furthermore, 
graded or patterned polymer brushes on hBN are realizable. The chemical 
functionalization is monitored with XPS. The brush thicknesses are determined with 
AFM and ellipsometry. Contact angle measurements are performed to assess the 
wettability before and after the polymer grafting. The versatile SIPGP results in 
homogeneous, gradient and patterned brushes and even consecutive SIPGP with 
different monomers is possible (e.g., PS-g-P4VP). As a first example of these 
applications, we further demonstrate the use of our hBN-polymer brush composites in 
water splitting hydrogen evolution reactions. 
 
Figure 5-1. Schematic illustration of the direct modification of hBN nanosheets by 
SIPGP of vinyl monomers under UV irradiation and hydrogen evolution reactions. 
 
Second, MoS2 is modified with polymer brushes by the same SIPGP method to obtain 
functional MoS2 materials. By the preparation of polymer brushes on MoS2 surface, the 
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resulting functionalized MoS2 is determined by contact angles, atom force microscope, 
and Fourier transform infrared measurements, thermogravimetric analysis, Raman 
spectra, scanning electron microscope, and energy-dispersive X-ray spectroscopy. 
Meanwhile, the dispersibility property in H2O of functionalized MoS2 is obviously 
improved (Figure 5-2). 
 
Figure 5-2. MoS2 and PDMAEMA modified MoS2 in H2O after one week. The 
concentration of MoS2 and PDMAEMA modified MoS2 in solvent are both 3 mg/mL. 
 
In addition to inorganic materials (hBN and MoS2), organic materials (gCN, alkyl-PDA, 
2D polymer) can also be modified. We fabricated covalently bound polymer brushes on 
g-C3N4 via SIPGP and patterned polymer brushes modified gCN can also be easily 
obtained by employing the spin coating and microcontact printing (μCP) (Figure 5-3). 
The functionalized g-C3N4 with polymer brushes exhibits a well-improved dispersity 
in different solvents. Moreover, the PDMAEMA+Ag NPs modified g-C3N4 shows 
strong SERS enhancement with a surface enhancement factor of 2.1×106 for the 
detection of Rh6G by SERS and also exhibits good photocatalytic property and 
recyclability. 
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Figure 5-3. Schematic illustration of the preparation of polymer brushes on gCN, the 
dispersibility of gCN and modified gCN with polymer brushes in different solvents, 
and SERS. 
 
To directly obtain the 2D materials with functional groups, the mussel-inspired two-
dimensional freestanding, alkyl-PDA Janus nanosheets, with a well-controlled 
thickness of nanometers and lateral size up to micrometers are developed (Figure 5-4). 
Self-assembled ODA bilayer is used as the reactive template for the dopamine 
polymerization, resulting in the formation of well-defined nanosheets. The alkyl-PDA 
nanosheets show amphiphilic nature with hydrophilic PDA and hydrophobic alkyl 
chains at both sides. The nanosheets can be used to functionalize many substrates and 
the functionality is highly depending on the configuration of the nanosheets on the 
surface. The nanosheets are quite stable, the morphology is preserved after the 
carbonization at 900 °C. The nanosheets are also presenting reactive catechol groups so 
the post-modifications are possible, which has been evidenced by grafting polymer film 
(PNIPAM) through photo-grafting, as well as by conjugating Fe3O4 nanoparticles 
selectively onto the PDA side. 
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Figure 5-4. Post-modifications of the alkyl-PDA nanosheets. Top right: Carbonization 
of alkyl-PDA. Middle right: Magnetic manipulation of the emulsion stabilized with the 
Fe3O4 incorporated nanosheets. Toluene-in-water emulsion was stabilized by the 
magnetic nanosheets, and oil/water phase could be separated by using a magnet. Lower 
right: Fabrication of PNIPAM on nanosheets surface by SIPGP, the thermo-
responsiveness of the composites before and after modification with PNIPAM was 
tested by switching the temperature between 25 °C and 50 °C, the toluene/water 
emulsion stabilized by the nanosheets separated at 50 °C when both sides of the 
nanosheets are becoming hydrophobic due to the phase transition of the thermo-
responsive PNIPAM, a clear toluene/water interface was observed. 
 
Finally, this approach can also be extended to modify organic conjugated 2D polymers 
(Figure 5-5). The functionalized 2DPs with polymer brushes show that the different 
thickness of polymer brushes can be precisely and easily tuned by varying different 
monomers and polymerization time. In addition, the structured polymer brushes on the 
micrometer and nanometer scale can also be fabricated by the one-step approach. 
Moreover, the freestanding 2DPs with polymer brushes exhibit that the morphology of 
polymer quickly and reversibly responds to solvent quality by shrinking/stretching and 
significant change of their mechanical properties (i.e., optical characteristics and 
wetting). This will further expand the variability and scope of this new class of materials. 
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Figure 5-5. Polymer brushes on the 2DPs surface. 
 
Polymer brush architectures can contribute to improvement of surface properties of 2D 
materials, such as dispersibility and high functional groups. This will widely improve 
the application of 2D materials fabricate more stability devices. We believe that 
utilization of SIPGP for preparation of polymer brush on 2D materials would have 
technological advantages comparing to other polymerization methods in fabrication of 
high-performance optoelectronics and sensors. 
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6 Experimental part 
6.1 Materials 
Single layer large area CVD grown hBN on copper foil was obtained from Graphene 
Supermarket, New York, USA. Si wafers with a 300 nm oxide layer were used for all 
depositions. Molybdenum disulfide (MoS2) on Si/SiO2 substrates were obtained from 
Friedrich-Schiller-University Jena, Institute for Physical Chemistry, Group of Applied 
Physical Chemistry & Molecular Nanotechnology, Jena, Germany. 2DPs were 
synthesized by H. Sahabudeen from Feng’s group[256]. Carbon foil mask for patterning 
was obtained from Plano GmbH, Germany. The PMMA resist 950K was obtained from 
Allresist GmbH, Germany. Methylmetacrylate (MMA), styrene, N, N-
dimethylaminoethyl methacrylate (DMAEMA), 2-(metha-cryloyloxy)ethyl 
trimethylammonium chloride (METAC), oligo(ethylene glycol) methyl ether 
methacrylate (OEGMA), 4-vinyl pyridine (4VP), 3-sulfopropyl methacrylate 
potassium salt (SPMA), [2-(Methacryloyloxy) ethyl] dimethyl-(3-sulfo-propyl) 
ammonium hydroxide (SBMA), N-iso-propylacrylamide (NIPAm), melamine, silver 
nitrate (AgNO3, 99.99%), sodium borohydride (NaBH4), Rhodamine 6G (Rh6G, 99%), 
octadecylamine (ODA), dopamine (DA), NaOH, paraffin wax (mp: 58-62 °C), 
FeCl2·4H2O, FeCl3·6H2O, ammonia solution (28% NH3 in H2O), Nile Red, and 
Fluorescein isothiocyanate-dextran (FITC-dex) used in the experiments were obtained 
from Sigma Aldrich, Germany. Prior to use, monomer was passed to aluminum oxide-
filled column to remove the inhibitors. Toluene, acetone, THF, ethanol, isopropanol 
(IPA) and methanol of analytical grade were obtained from Aldrich and used as received. 
Millipore water was employed throughout the experiments. 
6.2 Characterization 
Atomic force microscopy (AFM) was performed on a customized NT-MDT Ntegra 
Aura/Spectra tool with a SMENA head in semicontact (tapping) mode. The used probes 
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have a typical curvature radius of 6 nm, a resonant frequency of 47-150 kHz, and a 
force constant of 0.35-6.10 N/m. Editing, height determination and calculation of the 
surface roughness was performed with the software Nova Px 3.2.5 from NT-MDT. 
Ellipsometry measurements were performed with a SE800 ellipsometer from 
SENTECH Instruments GmbH, equipped with a He-Ne laser source (λ = 632.8 nm) and 
a fixed angle of incidence of 60° at ambient conditions. The accumulated spectra were 
modeled using SpectraRay 3 software. For each sample, measurements on three 
randomly selected different spots were determined and averaged. 
X-ray photoelectron spectroscopy (XPS) was performed on a UHV Multiprobe 
system (Scienta Omicron, Germany) using monochromatic Al Kα radiation and an 
electron analyzer (Argus) with an energy resolution of 0.6 eV. The spectra were 
calibrated by setting the Si 2p signal to 102.0 eV. Spectra were fitted by symmetric 
Voigt functions with a Shirley background correction. 
Ellipsometry measurements for the thickness of the swollen polymer brushes was 
done using a null-ellipsometer (Multiscope, Optrel GbR, Berlin, Germany) equipped 
with a He/Ne laser as a monochromatic light source (λ = 632.8 nm) in a polarizer 
compensator-sample-analyzer configuration. The samples, PS-g-hBN, PMMA-g-hBN, 
P4VP-g-hBN and PDMAEMA-g-hBN were placed in a cuvette filled with respected 
solvent, THF for PS and PMMA, ethanol for P4VP, and water for PDAEMA. The 
measurements were carried out at a fixed incident angle of 68°. The thickness of the 
brushes was measured every 60 seconds until a constant brush thickness was observed 
(20 min). The ellipsometric parameters were fitted using the ellipsometry program 
developed by Optrel GbR. Thickness calculations were performed using layer modeling 
with the following optical constants: n(Si) = 3.885, n(SiO2) = 1.45708, n(water) = 
1.33257, n(ethanol) = 1.3604, n(tetrahydrofuran) = 1.407. The swelling ratio was 
calculated as a ratio of the thickness of the swollen polymer film to the thickness of the 
dry polymer. The average thickness values and errors were obtained by three 
measurements on the same sample. The obtained swelling ratio values are used for 
calculating the grafting density employing the previously reported method. 
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Static water contact angle measurements were performed using the Krüss Drop Shape 
Analysis System DSA 10 to characterize the wettability of the polymer layers. For each 
sample, individual measurements at five different spots were performed and averaged. 
Optical microscopy was performed using a Zeiss Axio observer Z1m equipped with a 
HXP-120V UV lamp.  
Fourier transform infrared spectroscopy (FTIR) was recorded using a Spectrum 100 
(Perkin Elmer, Inc., USA) spectrometer and a scan range of 4000-500 cm-1 was 
collected.  
Thermogravimetric analysis (TGA) data were obtained using a thermal analyser 
(TGA1 SF/1100 XP1U, METTLER TOLEDO, Switzerland) from room temperature to 
1000°C at a heating rate of 5°C min-1 under a nitrogen gas atmosphere.  
Raman spectra were recorded using an NTEGRA Spectra system (HeNe laser: 532 
nm, NT-MDT, Moscow, Russia). 
Scanning electron microscope (SEM, Zeiss Gemini 500, ZEISS company, Germany) 
was used to determine the size and morphology of the samples. 
Energy-dispersive X-ray spectroscopy (EDX, ZEISS company, Germany) was useful 
for the stoichiometric analysis of materials. 
X-ray diffraction (XRD) was done on a Bruker D8 Advance instrument in Bragg-
Brentano mode with Cu Kα radiation (1.54 Å, 40 kV and 40 mA).  
Ultraviolet-Visible (UV-vis) spectra were recorded on a Cary 4000 (Varian) 
photometer equipped with a Praying-MantisTM unit (Harrick) and a scan range of 190 
nm to 800 nm was employed; the sample powders were pulverized with BaSO4 (white 
standard DIN 5033, Merck) and pressed into disks. 
1H nuclear magnetic resonance (NMR) spectra were recorded on a Bruker Avance 
III 400 MHz spectrometer, using DMSO-d6 (δ(
1H) = 2.50 ppm) as the solvent, chemical 
shifts (δ) are reported in ppm. 
Mass spectrometry analysis was performed on a Bruker Autoflex Speed MALDI TOF 
MS (Bruker Daltonics, Bremen, Germany) using dithranol as matrix. 
Fluorescence microscopy was performed using a Zeiss Axio observer Z1m equipped 
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with a HXP-120V UV lamp. The images were taken using the green (excitation filter 
440-470nm, emission filter 525-550 nm) and red (excitation 525-550 nm, emission 
605-670 nm) channels. 
 
6.3 Polymer brushes on hexagonal boron nitride (hBN) 
hBN transfer was performed via PMMA-mediated transfer method: PMMA was spin 
coated on the top of CVD grown hBN on copper. After softbake at 90ºC for 5 minutes, 
the PMMA-hBN/copper composite was floated in the solution of ammonium persulfate 
to etch the copper. After the copper was etched completely, the PMMA-hBN was fished 
and transferred to a Si wafer. PMMA was removed by immersion in the acetone. 
Self-initiated photografting and photopolymerization (SIPGP) of hBN nanosheets: The 
SL-hBN nanosheet substrate was first cleaned rigorously with ethanol and then dried 
under a stream of nitrogen. The cleaned sheet was then immersed in freshly degassed 
bulk monomer. SIPGP was started by irradiating the substrates with UV light with a 
spectral distribution between 300 nm – 400 nm (maximum intensity at λ = 365nm), and 
at a power density, W = ~ 5mW/cm2 with different irradiation times: 12 hours for 
styrene, 6 hours for MMA, 8 hours for 4VP, and 4 hours for DMAEMA. After SIPGP, 
the substrates were rinsed rigorously with different solvents to remove physisorbed 
polymers, leaving only covalently bound polymers on the surface. 
Soxhlet extraction was performed to prove the stability of the covalent binding of the 
grafted polymer brushes on SL-hBN: The Soxhlet extraction was carried out on the as-
grafted PS on SL-hBN (PS-g-hBN, via SIPGP up to 80 cycles. Toluene was used for 
washing during the process as it is a good solvent for PS. As control, a SL-hBN was 
immersed in a solution of PS overnight to form physisorption of PS layer on SL-hBN. 
The Soxhlet extraction was then preformed on the PS-adsorp-hBN with the exactly the 
same condition with PS-g-hBN. AFM was then performed on the samples after 10 
cycles, and after 80 cycles, respectively. P4VP-g-hBN, PMMA-g-hBN, and 
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PDMAEMA-g-hBN are washed in the same way in ethanol, acetone, and H2O by 
Soxhlet extract, respectively. 
Direct photopatterning: Direct photopatterning was achieved by using a conventional 
TEM grid (diameter of 3.05 mm) with honeycomb opening size of 80 x 80 µm as a 
stencil mask and placed above the SL-hBN during the SIPGP to generate patterns. 
Carbon templating (CT): CT was performed by irradiating the hBN nanosheets using 
an electron beam in vacuum (<5 x 10−7 mbar). For gradient pattern, a greyscale pattern 
in bitmap form was used as a direct input to the patterning engine of a FEI Helios 660 
Nanolab tool. The pattern had 200px x 40px (corresponding to a square pixel size of 
250 nm), and the dwell time range was 6.4µs-25ms. Depending on the grey level value, 
the dwell time of the electron beam is varied accordingly to modulate the local dose. 
The electron landing energy and the current were fixed to 2keV and 0.2nA, respectively.  
Preparation of Nickel nanoparticles (NiNPs) within P4VP-g-hBN: P4VP-g-
hBN/Si/SiO2 substrates were shaken in an aqueous NiCl2 solution (0.01 M) for 1 h 
under argon flow. Subsequently, samples were quickly dipped and shaken into the 
aqueous NaBH4 solution (0.2 M) for 30 min. Finally, NiNPs-P4VP-g-hBN/Si/SiO2 
substrates were washed three times with water, dried under argon, and used for further 
characterizations. For electrochemical measurement, Ti was used as substrates. 
Preparation of freestanding carpets and TEM samples: Similar to hBN transfer, the 
freestanding carpets and TEM samples were also prepared via PMMA-mediated 
transfer method. PMMA was spin coated on the top of P4VP-g-hBN and NiNPs-P4VP-
g-hBN on Si/SiO2, respectively. After soft-bake at 90ºC for 5 minutes, the PMMA-
P4VP-g-hBN/Si/SiO2 and PMMA-NiNPs-P4VP-g-hBN/Si/SiO2 composites were 
floated on the HF (15%)/water solution to etch the oxide layers of the SiO2 substrates. 
Freestanding PMMA-P4VP-g-hBN and PMMA-NiNPs-P4VP-g-hBN were obtained 
and washed several times and subsequently transferred to TEM grid. After removing 
the PMMA layer with the acetone and drying, the films are ready for TEM 
measurements. 
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Electrochemical measurements: All electrochemical measurements were carried out 
using an electrochemical workstation (CHI 660E, CH Instruments Inc.) in a 
conventional three-electrode cell using a WaveDriver 20 bipotentiostat (Pine 
Instrument Company, USA) that was maintained at room temperature. Ag/AgCl (4 M 
KCl) and a platinum wire were used as the reference and counter electrodes, 
respectively. All potentials in this study are relative to that of a reversible hydrogen 
electrode (RHE). The potential difference between Ag/AgCl and RHE was determined 
based on a calibration measurement in a H2-saturated electrolyte. A 1 cm x 1.5 cm Ti 
plate with the transferred composite films used as the substrate for the working 
electrodes to evaluate the HER activity. Prior to use, the Ti plates were polished using 
aqueous alumina suspensions on polishing pads and washed by dilute HCl solution, 
water, and ethanol. The polarization curves were measured in a nitrogen-saturated 
electrolyte between 0 and -0.8 V (vs. Ag/AgCl). The measured HER polarization curves 
were capacity-corrected by taking the average of the forward and backward (positive 
and negative) scans. 
 
6.4 Directly photografting of polymer brushes on MoS2 
Polymer brushes grafted on MoS2 surface: The MoS2 on Si/SiO2 substrate was 
immersed in freshly degassed MMA, DMAEMA, styrene, 4VP, and METAC monomer, 
respectively. SIPGP was started by irradiating the substrates with UV light with a 
spectral distribution between 300 nm - 400 nm (maximum intensity at λ = 350nm), and 
at a power density, W = ~ 5mW/cm2 for a certain time. After SIPGP, as-grafted polymer 
brushes on MoS2 was thoroughly cleaned via Soxhlet extraction with corresponding 
good solvents for 24 h to remove physiosorbed polymers, leaving only covalently 
bound polymer brushes (PMMA, PDMAEMA, PS, P4VP, and PMETAC) on the MoS2 
surface. 
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6.5 Functionalization of graphitic carbon nitride (gCN) with 
polymer brushes 
Synthesis of gCN: Graphitic carbon nitride (gCN) was prepared by thermal oxidation 
etching under air.[263] Briefly, melamine was heated to 550°C for 4 h in air with a 
heating rate of 2.3°C/min. The obtained yellow agglomerates were milled into powder 
with a mortar. Next, this powder was heated in an open ceramic container at a heating 
rate of 5°C/min to 500°C and kept at this temperature for 2 h. Finally, the gCN was 
obtained and characterized. 
Preparation of homogeneous dispersion of gCN: The exfoliation of gCN powders was 
achieved by ultrasonication in IPA. The obtained light-yellow dispersion was 
centrifuged (SIGMA 3K30, 2000 rpm, 10 min) to remove bigger size particles of gCN. 
After concentration and drying of suspension, the obtained gCN powders were re-
dispersed into anhydrous ethanol, followed by ultrasonication to obtain homogenous 
suspensions. 
Spin-coating of gCN films: Si/SiO2 wafers were first pre-cleaned with piranha solution 
(H2SO4 : H2O2 = 3:1 vol/vol) at 90°C for 45 minutes. Next, the wafers were cleaned 
and rinsed by sequential ultrasonication in distilled water, acetone and ethanol, 
respectively. Subsequently, the wafers were dried under a flow of nitrogen. The gCN 
ethanol solution was drop-coated onto pre-cleaned Si/SiO2 wafer and then the wafer 
was accelerated to spin speed of 1500 rpm and spinning time of 30 s. The spin-coated 
films were dried in vacuum at 80°C for 12 hours. The surface morphology of films was 
imaged using AFM. 
Micro contact printing gCN patterns: The PDMS stamp was inked by soaking the stamp 
in an ethanol solution of gCN for 3 min and dried with nitrogen. Next, the stamp was 
brought in contact with the Si/SiO2 substrates for 1 min to fabricate the patterned gCN 
on Si/SiO2 substrates. 
Preparation of polymer brushes: 20 mg of gCN powders, 1×1 cm of spin-coated gCN 
films and patterned gCN films were submerged in the degassed monomer (i.e. styrene, 
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MMA, DMAEMA, NIPAm, SPMA and METAC) in a glass tube, which was tightly 
sealed and subsequently irradiated with UV light (λ = 365 nm) and a total power density 
of 8 mW/cm2. After photopolymerization, the samples were rinsed with different good 
solvent for different polymer brushes (PS: toluene; PMMA: acetone; PDMAEMA: 
ethanol and water; PNIPAm: water; PSPMA: water; PMETAC: water) to remove the 
physisorbed polymers so that only covalently grafted polymer brushes remain. The 
samples were then dried under nitrogen flow. 
Patterning of polymer brushes: On the top of a spin-coated gCN films, a photomask 
was fixed, then put into a glass tube with the degassed monomer solution. Subsequently, 
the glass tube was sealed and irradiated with UV light for 2 h. The samples were washed 
with the good solvents (PDMAEMA: water and ethanol) according the monomers used. 
The patterned polymer brush modified gCN are achieved. 
Synthesis of AgNPs in PDMAEMA brushes modified gCN: An aqueous AgNO3 solution 
(0.01 M) was degassed for 15 min under argon flow, then PDMAEMA-modified gCN 
substrates were submerged into the AgNO3 solution and stirred for 1 h under argon flow. 
Subsequently, the samples were quickly dipped and stirred in an aqueous NaBH4 
solution (0.2 M) for 10 min. Finally, the samples were washed several times with water, 
dried in argon atmosphere. 
Characterization of SERS samples: To test the feasibility of active SERS substrate, 
Rh6G was used as the Raman model probe. A drop of Rh6G solution in ethanol (1×10-
6 M) was dropped onto unmodified gCN, PDMAEMA-g-gCN, and 
AgNPs/PDMAEMA-g-gCN substrates, respectively. After drying under ambient 
conditions, all substrates were washed with deionized water and absolute ethanol 
several times to remove the free Rh6G molecules. Raman spectra were recorded by 
using a custom-made confocal Raman spectrometer (Ntegra Aura/Spectra) from NT-
MDT. All samples were excited with laser light of 532 nm wavelength and a laser power 
of 2 mW. 
Photocatalytic degradation performance: The photocatalytic activity was evaluated by 
photocatalytic degradation of the dye Rh6G on AgNPs/PDMAEMA-g-gCN substrates. 
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The Rh6G/AgNPs/PDMAEMA-g-gCN substrates were irradiated by a RPR-4190A 
lamp with an irradiation distance of 5 cm. Upon irradiation, substrates were moved and 
measured by Raman at certain time intervals up to 6 hours. Then SERS spectra of Rh6G 
were recorded using a custom-made confocal Raman spectrometer (Ntegra 
Aura/Spectra) from NT-MDT. 
 
6.6 Polymer brushes on 2D freestanding alkyl-polydopamine 
(alkyl-PDA) Janus nanosheets 
Synthesis of Alkyl-DA, Alkyl-PDA Janus nanosheets: An ethanol solution (2 mL) of 
octadecylamine (ODA, 5 mg) was added to water (8 mL) at room temperature and the 
solution was stirred vigorously for 30 min. Dopamine (DA, 1.0 mg/mL) was added in 
the above solution and was stirred for another 30 min. After the polymerization, a light 
pink suspension was observed, the mixture was freeze dried overnight. The products 
were denoted as Alkyl-DA. 
An ethanol solution (2 mL) of octadecylamine (ODA, 5 mg) was added to water (8 mL) 
at room temperature and the solution was stirred vigorously for 30 min. Dopamine (DA, 
1.0 mg/mL) was added in the above solution and was stirred for another 30 min (as a 
control, without string for another 30 min). Then NaOH (0.3 mL, 1 M) was added 
slowly and the solution was stirred (300 rpm) at room temperature for the 
polymerization. After the polymerization, a brown suspension was observed, the 
mixture was centrifuged (14000 rpm for 20 min) and washed with water/ethanol three 
times, the supernatant was removed and the sample was dried in the vacuum oven at 
50 °C overnight. The effect of the concentrations of ODA (7.57, 11.34, 18, 22.71, and 
25.75 mM), and dopamine (0.5, 2, 3, and 4 mg/mL), as well as the polymerization time 
(6, 12, and 24 h) on the thickness and morphology of the nanosheets were studied. 
Emulsification of Alkyl-PDA Janus nanosheets: 2.0 mg of the Alkyl-PDA Janus 
nanosheets were dispersed in 1.5 mL water, 1.0 mL of toluene was added, the mixture 
was ultrasonicated for 1 min, a light brown emulsion was observed. Nile red (10 μg/mL) 
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and FITC-dex (30 μg/mL) were used as hydrophobic and hydrophilic dyes, respectively, 
following a published procedure.[302] Emulsification of Alkyl-PDA Janus nanosheets in 
paraffin/water was also investigated at 80 °C using the same procedure as mentioned 
above. After the ultrasonication, the mixture was cooled down to room temperature. 
Preparation of Alkyl-PDA Janus nanosheets on SiO2/Si wafers: Alkyl-PDA Janus 
nanosheets on SiO2/Si wafers were prepared by spin-coating at 1500 rpm for 30 s and 
0.15 mL of Alkyl-PDA water solution (3 mg/mL) was used. The spin-coated samples 
were dried in the vacuum oven at 80 °C for 12 h. The Alkyl-PDA Janus nanosheets in 
toluene solution were spin-coated on SiO2/Si wafer in the same way. 
Synthesis of Alkyl-PDA-Fe3O4 composite: 10 mL of Alkyl-PDA Janus nanosheets (1 
mg/mL) in ethanol solution was added into 20 mL water and stirred for 30 min. 20 mL 
aqueous solution of FeCl2·4H2O (2.982 mg, 0.75 mM) and FeCl3·6H2O (8.109 mg, 1.5 
mM) was added and the mixture was stirred for 1 h under the argon protection. 
Subsequently, 0.1 mL of ammonia solution (28% NH4OH) was added into the reaction 
mixture and stirred for another 30 min at 80 °C, after which the reaction mixture was 
cooled and washed with water and ethanol, the Alkyl-PDA-Fe3O4 composite was 
collected by a magnet. 
Synthesis of polymer brushes on Alkyl-PDA Janus nanosheets: PNIPAM brushes were 
grown from Alkyl-PDA Janus nanosheets through self-initiated photografting and 
photopolymerization (SIPGP), following our published procedures.[167] 3 mg of Alkyl-
PDA Janus nanosheets were re-dispersed in water/methanol solution in a glass tube, 
62.5 mg NIPAM was added, the solution degassed with argon for 30 min, then the glass 
tube was irradiated under the UV light (365 nm, 8 mW/cm2) for 2 h. After the 
photopolymerization, the samples were centrifuged and washed with water and 
methanol to remove the unreacted monomer. 
Cloth modified with Alkyl-PDA Janus nanosheets: Cotton cloth and polyester (PES) 
cloth were washed with water and ethanol three times in an ultrasonic bath (5 min each) 
and dried in the vacuum oven at 80 °C vacuum for 2 h. Then a solution of water or 
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toluene containing Alkyl-PDA Janus nanosheets (3 mg/mL) was filtered through the 
cloth and dried in the vacuum oven at 50 °C overnight. 
Characterization of the amphiphilicity of Alkyl-PDA Janus nanosheets: A solution 
(water/ethanol, v/v = 95/5) of Alkyl-PDA Janus nanosheets was injected into a vial 
containing 5 mL of brine (4 wt% NaCl and 1 wt% CaCl2) and 5 mL of heptane, Alkyl-
PDA Janus nanosheets formed a self-assembled film at the interface of brine and 
heptane. 
Characterization of the stability of Alkyl-PDA Janus nanosheets: Alkyl-PDA Janus 
nanosheets were carbonized at 900 °C for 2 h under a constant Ar flow. The morphology 
of the Alkyl-PDA Janus nanosheets was investigated by TEM, SEM, and AFM, the 
morphology was preserved. Alkyl-PDA Janus nanosheets with a thickness of 3 nm were 
used. 
 
6.7 Functionalization of 2D conjugated polymers (2DPs) with 
polymer brushes 
Polymer brushes grafted on 2DPs surface: The 2DPs were first transferred on SiO2/Si 
substrates and subsequently immersed into freshly degassed monomer (i.e. 4VP, styrene, 
SPMA, SBMA, METAC, NIPAm, and OEGMA) in a glass tube, which was closed with 
a rubber septum. SIPGP was started by irradiating the substrates with UV light with a 
spectral distribution between 300 nm - 400 nm (maximum intensity at λ = 350nm), and 
at a power density, W = ~ 5mW/cm2 for 6 h. After SIPGP, the substrate was rinsed 
rigorously with P4VP for ethanol and water, PS for toluene, PSPMA, PSBMA, 
PMETAC, PNIPAm, and POEGMA to remove physiosorbed polymers, leaving only 
covalently bound polymer brushes on the surface. The sample was then dried under a 
flow of nitrogen. 
Patterning on 2DPs surface: Patterning was achieved by direct photopatterning during 
SIPGP by using a mask. A TEM grid was used as a mask and placed on the top of the 
2DPs during SIPGP.  
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Abbreviations and symbols 
1D (2D, 3D) one (two, three) dimension 
2DPs two-dimensional polymers 
4VP 4-vinyl pyridine 
AA acrylic acid 
AAm acrylamide 
AEMA 2-aminoethyl methacrylate hydrochloride 
AFM atomic force microscopy 
Ag NPs silver nanoparticles 
AgNO3 silver nitrate 
AIBN N,N-azobisisobutyronitril 
ALD atomic layer deposition 
APTES 3-aminopropyltriethoxy-silane 
BDEs bond dissociation energies 
CA contact angle 
CEA 2-carboxyethyl methacrylate 
COFs covalent organic frameworks  
CPOEA 2-(2-chloropropanoyloxy) ethyl acrylate 
CVD chemical vapor deposition 
DA dopamine 
DCM dichloromethane 
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DLS dynamic light scattering 
DMAEMA 2-(dimethylamino) ethyl methacrylate 
EBCD electron-beam-induced carbon deposition 
EDX energy-dispersive X-ray spectroscopy 
EF enhancement factor  
EGDM ethylene glycol dimethacrylate 
EGMEMA ethylene glycol methyl ether methacrylate 
EtOH ethanol 
FETs field-effect transistors 
FLG few layer graphene  
FQM fluorescence quenching microscopy 
FTIR fourier transform infrared 
GA glycidyl acrylate 
GaP gallium phosphide 
GC glassy carbon 
g-C3N4/gCN graphitic carbon nitride 
GMA glycidyl methacrylate 
GO graphene oxide 
GPC gel permeation chromatography 
hBN hexagonal boron nitride 
HDPE high-density polyethylene 
HEA 2-hydroxyethyl acrylate 
Abbreviations and symbols 
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HEMA 2-hydroxyethyl methacrylate 
HF hydrogen fluoride 
HS-UDA-mPEG HS(CH2)11CONH(C2H4O)11CH3 
IPA isopropanol 
IPOx 2-isopropenyl-2-oxazoline 
IR infrared 
ISC intersystem crossing 
MAA methacrylic acid 
MAA-Na methacrylic acid sodium salt 
MAH maleic anhydride 
MeOH methanol 
METAC methacrylatoethyl trimethyl ammonium chloride 
MMA methyl methacrylate 
MS mass spectrometry 
MoS2 molybdenum disulfide 
MoSe2 molybdenum diselenide 
MPC 2-methacryloyloxyethyl phosphorylcholine 
NaBH4 sodium borohydride 
NanoITO nanostructured indium tin oxide 
NaSS sodium 4-styrenesulfonate 
NHSMA N-hydrox-ysuccinimide methacrylate 
NMR nuclear magnetic resonance 
Abbreviations and symbols 
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NIPAm N-iso-propylacrylamide 
NVI N-vinylimidazole 
ODA octadecylamine 
OEGMA oligo(ethylene glycol) methyl ether methacrylate 
P4VP poly(4-vinyl pyridine) 
PAA polyacrylic acid  
PDA polydopamine 
PDMAEMA poly(N, N-dimethylaminoethyl methacrylate) 
PDMS polydimethyl-siloxane 
PEEK poly(ether ether ketone) 
PEGMA poly(ethylene glycol) methacrylate 
PET polyethylene terephthalate 
PET poly(ethylene terephthalate) 
PMETAC poly(2-(metha-cryloyloxy)ethyl trimethylammonium 
chloride) 
PMMA poly(methylmethacrylate) 
PNIPAm poly(N-iso-propylacrylamide) 
POEGMA poly(ethylene glycol) methyl ether methacrylate 
PS polystyrene 
PSPMA poly(3-sulfopropyl methacrylate potassium salt) 
PTCA perylene tetracarboxylic acid 
QCM quartz crystal microbalance 
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QCM-D quartz crystal microbalance with dissipation monitoring 
Rh6G rhodamine 6G 
rms root-mean-square 
SAMs self-assembled monolayers 
SAXS small-angle X-ray scattering 
SBMA [2-(Methacryloyloxy) ethyl] dimethyl-(3-sulfo-propyl) 
ammonium hydroxide 
SERS surface enhanced Raman scattering 
SET-LRP single electron transfer-living radical polymerization 
SiAlaPP plasma polymerized allylamine coatings on Si wafers 
SI-ATRP surface-initiated atom transfer radical polymerization 
SI-CRP surface-initiated controlled radical polymerization 
SI-CuCRP surface-initiated Cu(0) mediated controlled radical 
polymerization 
SIPGP self-initiated photografting and photopolymerization 
SI-PGP surface photoinitiated chain transfer termination radical 
polymerization 
SI-RAFT surface-initiated reversible addition-fragmentation chain 
transfer polymerization 
SI-ROMP surface-initiated ring-opening metathesis polymerization 
SPMA 3-sulfopropyl methacrylate potassium salt  
SPMA 3-sulfopropyl methacrylate potassium salt 
Abbreviations and symbols 
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STEM scanning transmission electron microscopy 
STM scanning tunneling microscopy 
tBuMA tert-butyl acrylate 
TCPS tissue-culture polystyrene 
TEM transmission electron microscopy 
TGA thermogravimetric analysis  
THF tetrahydrofuran 
TMDs transition metal dichalcogenides 
TMA trimethylaluminum 
TMSPMA 3-(tri-methoxysilyl)propyl methacrylate 
T-ox thermanox 
UV ultraviolet 
UV-vis ultraviolet-Visible 
V2C vanadium carbide  
WS2 tungsten disulfide 
WSe2 tungsten diselenide 
XRD X-ray diffraction 
XRR X-ray reflectivity 
ZrO2 zirconia 
μCP micro contact printing 
E band gap energy 
h planks constant 
Abbreviations and symbols 
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C speed of light 
λ cut off wavelength 
ISERS intensity of Raman band 
CSERS concentration of Rh6G under SERS 
C0 concentration Rh6G 
I0 intensity of Raman band under normal Raman conditions 
eV electron volt 
σ grafting density 
NA Avogadro’s number 
hs swollen height 
hd dry height 
N degree of polymerization 
ρ0 polymer density 
M0 monomer molecular weight 
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